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ABSTRACT
This study has evaluated factors thought to he important in the
pathogenesis of acute gallstone pancreatitis (AGP) by means of
(i) experimental rat preparations and (ii) a prospective study of
a large group of patients with gallstone related disease.
Retrograde injection into the rat bile-pancreatic duct was employed.
Pressure and volume of injectate were critical determinants of
pancreatic damage and these were subsequently strictly controlled
to be within physiological range. Infusion of human bile at low
pressure gave moderate pancreatic damage whereas infected bile was
associated with a high incidence of acute haemorrhagic pancreatitis.
Bile from patients with AGP was more toxic than bile from controls.
Trypsin, enterokinase and bile salts individually produced mild
pancreatic damage whereas in combination severe damage resulted.
Active phospholipase A (PLAg) and lysolecithin gave moderate to
severe pancreatitis.
Stability of the "pancreatic duct mucosal barrier" (PMB) was assessed
by perfusing the rat bile pancreatic duct and measuring ionic
permeability, transductal potential difference and ultrastructural
appearances of the duct wall. This preparation was fully characterized
and found to act in a reproducible manner between animals. Bile,
especially when infected or under pressure, was extremely noxious
to the duct and produced marked epithelial disruption and striking
changes in permeability. Bile salts damaged the PMB; the damage being
reversible with low concentrations and irreversible with high
concentrations of the bile salt. Active PLA^ and lysolecithin produced
equally severe damage to the FMB. Cytoprotection of the duct epithelium
against bile salt and PLA^/lysolecithin induced damage was afforded by
both lecithin and prostaglandin E .
Features of the biliary tract (clinical and operative) were prospectively
studied in a series of 52 patients with AGP and compared with 6l0 controls.
Patients who developed pancreatitis were more often male, had multiple
small gallbladder calculi and a wider cystic duct than controls. The
common bile duct diameter was independent of the presence of stones in
AGP patients and the time of operation after the onset of symptoms was a
critical determinant of biliary pathology. Pancreatic duct reflux was
significantly more common in patients with AGP and reflux occurred into a
wider pancreatic duct, at a greater angle and via a longer common channel in
such patients. These features are highly suggestive of gallstone migration
being an essential mechanical initiator of AGP.
Patients who develop AGP have a biliary tract that predisposes to gallstone
migration and pancreatic duct reflux. Furthermore these patients may have
an imbalance in attack and defence forces within the pancreatic duct which
promotes extravasation and subsequent pancreatic inflammatory sequelae.
INTRODUCTION
The clinical problem of acute pancreatitis was known long before
Claude Bernard (1850) began to investigate the association of the
biliary tract with pancreatitis by injecting a mixture of bile and
olive oil into the pancreatic duct to produce acute haemorrhagic
pancreatitis (Galen, quoted by Fitzgerald 1980). The problem was
further explored by Prince (1882) who noted an association between
cholelithiasis and pancreatic haemorrhage and suggested that pancreatic
injury might be "dependent upon the pancreatic duct being obstructed by a
gallstone becoming impacted in the duct common to it and the ductus
communis choledochus". Nicholas Senn (1886) comprehensively reviewed
his experimental work on the pancreas. He reported three fatal cases of
haemorrhagic gangrenous pancreatitis; the milder forms of acute
pancreatitis were never diagnosed in Senn's day. It was Reginald Fitz,
however, who in 1889 specified signs and symptoms and firmly established
the disease entity with its gangrenous, haemorrhagic and suppurative
aspects. His work, published in the Boston Medical and Surgical Journal,
concluded that acute inflammation of the pancreas was both a definite
clinical entity and one that was much more frequent than generally
believed.
Although Bernard (1850) had explored the association of the biliary
tract with pancreatitis and Lancereaux (Gambill 1973) in 1899 had
suggested that reflux of bile might be the cause of pancreatitis,'it
was not until Opie's work in 1901 that the association of gallstones and
pancreatitis was proven. Opie, a pathologist at Johns Hopkins Hospital^
performed an autopsy on a patient with fatal acute haemorrhagic
pancreatitis: his description of the findings is as follows.
"The diverticulum of Vater was 10 mm in length. Lodged at its apex
"blocking its duodenal orifice was a small calculus only 3 mm in diameter,
hut too small to pass the narrow opening. Though it occluded the
duodenal orifice of the diverticulum it was so small that the orifices
of the common bile duct and pancreatic duct were unobstructed. The
two ducts were therefore, converted into a continuous closed channel
from which it was not possible for either bile or pancreatic juice to
escape". This observation prompted his classic "common channel thory"
(Opie 1903, 1909) which dominated the thinking of numerous scholars in
the field for several decades.
Since Opie's original description there has been much controversy over
the role of gallstones in producing acute pancreatitis. Several authors
(Dragstedt 193*+, Ivy 1952, Grossman 1959, Banks 1971) emphasized the
low incidence of finding a stone at the ampulla in patients with
haemorrhagic pancreatitis. It was these observations, and the finding
of a common channel in only 50-70% of patients, that led McCutcheon
(1968) to propose duodenal reflux as being more important than bile
reflux in the pathogenesis of acute gallstone pancreatitis. Recently,
however, Acosta (197*0 anh Kelly (1976) have offered an explanation for
the association of gallstones with acute pancreatitis. These authors
have developed the "gallstone migration" theory to explain the low
incidence of ampullary stones found at surgery. Indeed it is now well
established that gallstone migration, with its attendent bile (fig. l)
or duodenal reflux (fig. 2), is important in the pathogenesis of acute







The predominant aetiological factors in the genesis of acute
pancreatitis are gallstones and alcohol; together accounting for over
75% of the total. The association of gallstones with acute
pancreatitis is well established. Moreover, the very low incidence
of recurrent attacks of acute pancreatitis following removal of all
gallstones attests to their importance in initiating pancreatic
inflammation. The incidence of gallstones in acute pancreatitis varies
considerably in different parts of the world. In Europe and
North Americajthe percentage of patients in whom gallstones are responsible
for the acute pancreatitis varies from kO to 60%. A summary of major
series is given as follows:
No. of cases % due to gallstones
Ivy (1952) 667 55%
Howard and Jordan (i960) ? b5~55%
White (1968) 733 5hi
De Bolla (198U) 897 51%
Hermon-Taylor (1977) ? b5~51%
Trapnell (1975) 591 5b%
Durr (1979) 3836 bl%
Total rhr 7000 k0-60%
The close correlation between acute pancreatitis and biliary tract
disease is further evidenced from large autopsy series. Bell (1958)
studied 10,387 unselected autopsies of whom 187^ patients (18%) had
gallstones. In contrast of 179 patients with pancreatitis 100
(56.7%) had gallstones.
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Stones in the common duct are more dangerous than stones in the
gallbladder. In the series of Kozoll and colleagues (1959) the
incidence of acute pancreatitis was 13$ in lk6 patients with
choledocholithiasis and 3.6$ in 63I+ patients with cholecystolithiasis.
Because of the higher frequency of cholecystolithiasis, most patients
with gallstone pancreatitis have stones in the gallbladder and not in
the common duct. In their review of the literature, Goebell and Hotz
(1979) found ll+50 cases of gallstone pancreatitis in whom data on the
localization of the stones were available. The exact pathology was
stones in the gallbladder only 72$, stones in the common bile duct 20$,
stones impacted at the ampulla 2$ and an inflammed gallbladder without
stones in 6$.
Patients with gallstones tend to be older than those with alcohol
associated disease. The overall mortality in acute pancreatitis is
10-15$, gallstone pancreatitis being perhaps more dangerous than the
alcoholic variety (Carter 1983a,b, Trapnell 1975 s Mero 1982, De Bolla 198U,
Mayer 19810. Jacobs and associates (1977) have reported mortality rates
in acute pancreatitis as gallstone pancreatitis 10$, alcohol 7-8$ and
idiopathic pancreatitis at 17$. The mortality of haemorrhagic pancreatitis
is far greater than the oedematous form (50$ vs 3-5$) (Banks 1971) and
why some patients develop the haemorrhagic form of the disease as opposed
to the oedematous variety remains unclear. There is no evidence that
improved standards of care in recent years have significantly reduced the
mortality from gallstone pancreatitis.
Aetiology of Acute Gallstone Pancreatitis
There is a large and highly controversial literature on the subject of
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acute pancreatitis. Many of the arguments derive from conflicting
experimental results, the extrapolation of which to the human clinical
situation has usually been speculative. The initiation of acute
gallstone pancreatitis forms the basis of three popular theses:-
(i) bile reflux into the pa.rtcree.-hc duct,
(ii) duodenal reflux irvto fWe. cXocJr.
(iii) obstruction of the pancreatic duct with associated
hypersecretion.
The relationship of gallstones to pancreatitis in man suggests that
the theories of bile and duodenal reflux are the most likely explanations,
with reflux being the result of stone passage through the ampulla of
Vat er.
The temporal sequence of acute pancreatitis might therefore be:
1. presence of gallstones.
2. gallstone migration.
3. reflux of bile and/or duodenal juice.
1+. pancreatic duct damage.
5. initiation of inflammation.
6. acute pancreatitis.
Initiation of pancreatic damage is perhaps the least -understood event
in the genesis of acute gallstone pancreatitis. Several factors need
to be reviewed in an attempt to clarify the situation. These factors
are listed below and are explained in depth in the succeeding chapters:
- the anatomy of ampulla of Vater.
- pancreaticoduodenal and biliary pressures.
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tile, including bile salts, lecithin, infection and other
biochemical substances.
duodenal juice e^bile salts, enterokinase, lysolecithin.
infection from bile and the duodenum.
- abnormalities in the pancreatic juice.




It has been the aim of this study to evaluate the relative importance of
these factors in the pathogenesis of acute gallstone pancreatitis.
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Experimental models of Acute pancreatitis
Acute pancreatitis has been simulated in experimental animals
for many years. The animals used have varied from dogs, cats,
monkeys, pigs to rats and mice. Though dogs and other large
animals are useful and reliable models for the induction of acute
pancreatitis}the cost of these animals makes large scale investigation
prohibitive. It is not surprising, therefore, that recent attention
has been given to the smaller, cheaper animals. The rat is an economical
and easily maintained laboratory animal. Its cost allows large numbers
of experiments to be performed, thus statistically validating or refuting
experimental results. It is large enough to allow difficult technical
procedures to be performed on it, whilst remaining easy and inexpensive
to breed and feed. It was for these reasons that the rat was used
as the experimental animal in the present study. A variety of
experimental models for the induction of acute pancreatitis have been
employed over the years. These are summarized below with their
respective advantages and disadvantages. A fuller description of the
more important procedures is described at length later in this thesis.
(l) Cannulation of and injection into the pancreatic duct.
This has been employed in large animals where the pancreatic
duct is easily cannulated and consists of one or two single
channels. A variety of substances have been injected into
the duct to produce pancreatic damage, for example, bile,
bile salts and enzymes such as trypsin and elastase (Elliott
1957> 1971» Anderson 1958» 1969). This method consistently
produces acute pancreatitis but the volumes and pressures
employed have been so variable and uncontrolled as to forego
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meaningful results. Moreover, only relatively large animals
such as the cat and dog lend themselves to direct injection
into the pancreatic duct.
(2) Cannulation of the rat bile-pancreatic duct and injection.
The anatomy of the biliary tract in the rat makes direct cannula¬
tion of the pancreatic duct impossible. In view of this the bile-
pancreatic duct has been cannulated, the bile duct occluded
and injection commenced into the pancreas (see later). Several
substances have been injected into the ductal system including
bile salts, enterokinase, lysolecithin and phospholipase
(Donohue 1984, Lankisch 1979* 1983). This method has much to
recommend it as the injection can be standardized, the cannula
removed at the end of infusion and the biliary and pancreatic
anatomy reconstituted. Unfortunately however, the volume and
pressure of infusate are far from standardized making a valid
comparison between the variously reported experimental results
impossible.
C3) Ligationkcommon bile/pancreatic duct.
Ligation of the pancreatic duct alone will produce oedema
only. When the two ducts are ligated^bile and pancreatic
juice undergo admixing and reflux into the pancreatic duct
occurs (Wanke 1970, Block 1955)* Unfortunately the degree of
pancreatic damage is very variable and not all animals
develop acute pancreatitis.
(4) Parenchymal injury.
Direct injection of bile, bile salt or activated pancreatic
enzymes into the pancreatic parencyma is a popular and easy
way of producing acute pancreatitis (Bawnik 1974, Keith 1958).
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The relevance of this method to the human situation is debateable.
(5) Duodenal C\oie({ loop
Obstruction of the duodenum on both sides of the ampulla
of Vater allows a build up of intraduodenal pressure. This
leads to reflux of duodenal contents into the pancreas under
pressure. The duodenal contents consist of a mixture of
bile, pancreatic juice, activated enzymes, micro-organisms
and duodenal secretions which are highly toxic to the pancreas.
This closed loop preparation was initially described by Pfeffer and
co-workers in 1957 using a canine preparation and has been referred
to as the "Pfeffer loop''. Recently several workers have
described similar preparations in rats (Nevalanien 1975»
Rao 1981, Ferrie 1978, Brackett 1983).
A further development was described by Chetty and associates
(1980) who injected infected bile into the closed loop under
pressure and produced a lethal form of pancreatitis. Questions
have recently been raised as to whether death occurs from
septicaemia and duodenal necrosis developing after i*j ecdm'on. of
iafeded b'dt,. Orda and colleagues (1980) introduced a bile salt/
trypsin mixture into the duodenal loop and this produced a
severe form of pancreatitis.
These models of acute pancreatitis have the advantage of
consistently producing pancreatic inflammation. However,
the method involves duodenal trauma and produces a situation
which appears unlike that seen in man.
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(6) Caerulein pancreatitis.
Acute pancreatic stimulation with supramaximal doses of the
synthetic pancreozymin analoguej caerulein produces acute
interstitial pancreatitis (Lampel 1977» Adler 1982). Adler
(1982) has shown that caerulein alters membrane fusion and
acinar cells discharge their content into the interstitial
space. The pancreatitis produced is mostly oedematous in
nature with a small inflammatory infiltrate hut no haemorrhagic
changes are observed.
The need to give supramaximal doses of caerulein and the type
of pancreatic inflammation produced negate the use of this
model in the investigation of AGP.
(7) Metabolic pancreatitis (Farber 1950)
This method, initially reported in the 1950's, was improved
recently by Rao and colleagues (1978) who described a model of
acute pancreatitis in mice. The condition was induced by feeding
a choline deficient diet supplemented with ethionine^and
invariably produced a severe fatal pancreatitis in 3 to 5 days.
The nature of the choline deficient, ethionine supplemented
diet-induced lesion which eventually progresses to haemorrhagic
necrosis of the pancreas has not yet been elucidated. This
model produces reliable, reproducible pancreatitis which
resembles the human disease, without laparotomy and has thus
become popular with several recent investigators (Standfield
1983, Coelle 1983). The relevance of this method to acute
gallstone pancreatitis is unclear as the method itself
-8-
induces widespread systemic metabolic changes.
The above are popular methods currently in use for inducing
experimental acute pancreatitis. Other preparations are uncommonly
used and their scope is broadly encompassed in the above methods.
The experimental models described are highly invasive and the severity
of the ensuing pancreatitis has been difficult to control. As a
consequence, relatively little useful information has been gained using
these models (Steer 198U). Indeed of the models described only methods
(l) and (2) can be recommended. If experimentation is to be valid and
the results are to be extrapolated to the human situation it is vital
that we take cognisance of Elliott's (1971) postulates which state
that during injection into the pancreas control should be made of
(a) volume of fluid, (b) pressure of injection, (c) fluid constituents
and (d) time of injection. The methods described to date have failed
to follow these basic postulates and the results obtained cannot
therefore be compared or accurately evaluated.
Dissatisfaction with these experimental methods prompted me to develop










Male inbred Sprague-Dawley rats were used for all experiments. The
animals weighed 250-350 g and each was carefully weighed before surgery.
All animals were fasted for 12 hours overnight before operative inter¬
vention.
Anatomy of rat pancreas
The eating habits of common laboratory animals differ considerably.
We can divide them into intermittent feeders, which tend to be
carnivorous (e.g. cat, dog) and continual feeders, which tend to
be herbivorous (e.g. rabbit, rat, guinea-pig). There is some variation
in the anatomical relationships of the biliary and pancreatic systems,
especially the site of entry of the pancreatic juice into the duodenum.
These differences are illustrated in the table below.
species gall-bladder entry into duodenum functional
bile duct main pane, duct accessory
pane. duct
man yes 2nd part 2nd part no
cat yes 2nd part 2nd part no
dog yes 2nd part 2nd part yes
rabbit yes 2nd part 3rd part no
rat no 2nd part 2nd part no
guinea-pig yes 2nd part 3rd part no
(Uddin and Case 1983)
(Mann 1919)
-10-
In the rat all pancreatic ducts drain into the common bile-
pancreatic duct (BPD) which empties via a common channel into the
duodenum (Richards 196!+, Herriott 1964, Greene 1955, Lambert 1965,
Kraus 1980). A few small ducts have been reported to drain individual
pancreatic acini directly into the duodenum (Herriott 1965) but these
are of little consequence in considerations of the whole pancreas.
The pancreas itself consists of four segments - gastric, splenic, duodenal
and parabiliary (Richards 1964, Pearson 1974). There are at least
three major ducts and many minor ducts or ductules that join the bile
duct at separate anatomical sites from the porta hepatis to the duodenum.
The weight of pancreatic tissue is directly related to the weight of
the animal (Richards 1964). Richards (1964) noted that the most con¬
sistent pancreas weight, in terms of total body weightjWas that of
the total pancreas. It was for this reason that we measured total
pancreatic gland weights in this study.
The pancreatic ducts, common bile-pancreatic duct and ampullary
epithelium show considerable similarities when examined by histo-
chemical and autoradiographic techniques (McMinn 1961). The ducts
themselves comprise b% of the weight of the glandj i.e. 1 g pancreas =
40 mg ducts (Bolender 1974). The large ducts and main BPD are lined
with columnar epithelium with microvilli and occasional cilia. The
smaller ducts progressively change their epithelium to cuboidal
(Kodama 1983, Roberts 1972).
The microscopic appearance of rat pancreas is similar to that observed
in man with multiple acini, islet cells, ducts and blood vessels. The
-11-
histological features of rat pancreas will "be discussed at a later
stage.
The greater part of the BPD is enveloped in pancreas hut at each end
there is an exposed segment 1-2 mm long, allowing free access to the
duct. This structure of the biliary-pancreatic duct enables occlusion
of bile flow near the liver to produce pure pancreatic flow down the
BPD. Use of this is made in our experimental preparation for pancreatic
infusion.
Anaesthesia
All animals were maintained at 37°C on a heating pad. A rectal
thermometer checked temperature homeostasis.
Ether: (Diethyl-ether, B.P. May and Baker, Dagenham).
was administered in a large sealable jar into which the rats
were placed. Surgical anaesthesia usually occurred in less
than one minute and was maintained by ether inhalation from a
small jar throughout the operation. Ether administration whilst
requiring constant vigilance and producing a variable depth of
anaesthesia allowed arapid post-operative recovery.
Sagatal: (Sodium pentobarbitone, B.P. May and Baker).
60 mg/ml was diluted to a 10% solution as recommended by
Cruikshank (1965) and Berry (1981). A dose of 0.75mls/l00 g
body weight was administered intraperitoneally. Surgical
anaesthesia occurred within 5 minutes and lasted for one hour.
Further doses could be given by dripping sagatal directly onto
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the liver during the operative procedure. The anaesthesia
produced was of a constant depth and required little vigilance.
Recovery was slow however, being up to 3 hours in some cases.
Inactin: (Sodium thiobutabarbitone, BYK, Germany).
This was administered to animals undergoing the non-recovery
pancreatic duct mucosal barrier experiments described later.
Given in a dose of 100 mg/kg intraperitoneally, anaesthesia
occurred in 1-2 minutes. No metabolism of the drug is possible
by the rat so the animals cannot recover from its administration.
The anaesthesia produced was of a good level and no metabolic
acidosis occurred within four hours. A routine tracheostomy was
performed whilst using this anaesthesia to prevent airway
obstruction.
Post-operative recovery
Following the operative procedure the animals made a full recovery.
They were allowed free access to food and water with no restraint applied.
The clinical state of the animals was assessed hourly following operation
and any animals that died in the 2k hour period underwent immediate
post-mortem examination. At 2k hours animals had developed moderate
obstructive jaundice.
Sacrifice
At 2k hours the rats were reanaesthetized with ether and the laparotomy
wound reopened. Peritoneal fluid was removed and stored for later
amylase estimations. Any animal showing leakage from the duodenotomy
was excluded from the results (in total 8 animals excluded). Macroscopic
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assessment of the degree of pancreatic damage was "based on fat
necrosis, gland swelling, haemorrhage into the gland and the amount
of peritoneal fluid. 2 mis of blood were taken from the inferior
vena cava before manipulation of the pancreas and immediately centrifuge!
to separate the serum. This serum was frozen at -20°C for later bio¬
chemical testing. The animals were killed by bilateral pneumothorax
and the whole pancreas removed. Two small representative portions
were taken from the head and tail of the gland and placed in formalin
for later histology. The gland was carefully weighed (wet weight) before
being processed for either (i) water content estimation or
(ii) homogenisation and estimation of enzyme content of the tissue
(see later).
Operative proceduream^gerformed under clean but not aseptic conditions.
The abdomen was opened through an upper midline incision 2-3 cm in
length. The bile-pancreatic duct (BPD) was carefully identified passing
from the liver to the duodenum (fig. 3). At all times great care
was taken to avoid pancreatic trauma during the experimental procedure.
The BPD was ligated close to the liver (fig. bA) and the animal left
for 20 minutes to enable the BPD to clear of bile. Short term ligation
of the bile duct and the subsequent production of jaundice has been
previously shown not to interfere with the pancreas (Hansson 1967,
Mosley 1981). In contrast Baba and colleagues (1983) have demonstrated
that four weeks of obstructive jaundice induces enlargement of the pancreas
due to hypertrophy and hyperplasia of acinar cells. Preliminary studies
on ten rats confirmed that short term jaundice had no effect on the
pancreas of our experimental preparation. The distal BPD was carefully
dissected free (fig. ^B) and a loose ligature placed around it
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immediately on entrance to the duodenum. A small duodenotomy was
made opposite the entrance of the BPD and a thin polyethylene
cannula (Portex 800/l00/ll+0, i.d. 0.1+ mm, o.d. 0.8 mm) with a "blunt
metal tip was inserted through the ampulla of vater into the distal
2 mm of the BPD (fig. 1+C). The cannula was loosely ligated in place.
The cannula was attached to a three way connector (fig. 5) ~ one
limb to a constant infusion pump (Constant infusion apparatus,
Scientific and Research Instruments Ltd., Croydon, U.K.), and the
other limb to a pressure transducer (see later for details). At the
end of the experiment the cannula and ligature were removed, the duodenum
closed with 7/0 suture (fig. 1+D) and the abdomen in layers. Thus on
recovery the animal had a ligature applied to the bile duct close to
the liver only. The pancreas and duodenum were both intact. This
preparation is similar to that described by Heinkel (1953), Donahue
(1981+) and Lankisch (1983) although it is important to note that these
previous experiments did not use pressure measurements.
Volume
The volume used in these experiments was carefully measured in all
cases by weighing (l ml = 1 g). The results of these volume
measurements at the various volumes are summarized below.
















(N = 15 for each volume)
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FlK' 3 1116 normal rat pancreas and surrounding
structures.
Fir. La Ligature on proximal "Bile-pancreatic duct.
Fig. 1+B Ligature around distal Bile-pancreatic duct.
Fig, 1+C Cannula in Bile-pancreatic duct through
transduodenal approach.




Pressure measurements (in cm HgO) were performed using a Statham
transducer connected to a mingograf recorder (Elema-Schonander, Sweden).
The results obtained were checked by using a Bell and Howell transducer
(type bfb22) (Basingstoke, England) connected to a Lectromed recorder
(Jersey, Channel Islands). The pressure recordings between the two
systems demonstrated 100+5$ concordance.
Control animals
Two groups of animals were used for comparative purposes.
(i) sham: animals undergoing laparotomy and manipulation of
the pancreas only without cannulation of the ducts.
(ii) true control: animals undergoing cannulation of the duct
but without infusion of fluid.
Bilirubin measurements
These were performed in all animals to ensure that the bile duct
was properly occluded and no endogenous biliary contamination was possible.
(Mean value _+ SD in normal rats = 8.U jumol/l +_ 2.9). The mean value
at 2b hours in rats undergoing experimentation was 6b +_ 8.6 jimol/l.
In animals where the bilirubin did not rise by threefold or more the
results were discarded (six animals in all).
Pancreatic damage
The pancreatic damage at 2b hours was assessed in several ways,
(i) pancreatic gland weights.
(ii) water content of gland.





(i) pancreatic gland weights (PGWR).
vajrilcuUows
To obviate the dicoropanoioe in body weight the
wet weight of the pancreas was combined with body weight
to produce the pancreatic gland weight ratio (PGWR) (mg/100 g).
Previous figures for Sprague-Dawley rats quoted in the
literature are:
350+20 (mg/100 g) (Richards 1964).
33T±8 (mg/100 g) (Baba 1983a).
297+25 (mg/100 g) (Baba 1983b).
(ii) water content of the gland (WC)
_ ul^s A-
measurement of chemical oedema in the pancreas. This
was measured in animals undergoing pressure studies only
by the method of Aho (1983). The wet weight of the pancreas
is carefully measured as previously. For the measurement of
dry weight each pancreas was fixed in ethanol for 10 hours
and then dried to a constant weight at 60°C. The oedema
was expressed as the water content of pancreatic tissue.
i.e. water content (%) = wet wt. - dry wt. X 100
wet wt.
The value for normal pancreatic tissue obtained in this
study was 68+1.7$ (mean +_ SD). Aho (1983) quotes a similar
value of 68.5$ for normal glands.
Ciii) serum amylase (SA)_
Blood taken from the IVC was immediately centrifuged and
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the serum stored at -20°C. Amylase estimation was
performed by the Phadebas (Pharmacia, Uppsala, Sweden) method.
The value obtained for normal animals was 1120+U68 U/l, -
a value close to that reported by other authors (Lankisch
1979a, Huttenen 1973). It should be noted that the basal
serum amylase level in the rat is five to six times greater
than that seen in man.
peritoneal fluid amylase (PFA).
The peritoneal fluid was removed from the peritoneal
cavity and stored at -20°C. Amylase estimations were
performed using the Phadebas technique (N.B. high dilution
factors used because of the extremely high levels). In
animals undergoing sham laparotomy only no fluid could be
detected.
gland amylase (GA).
In an attempt to define the severity of pancreatic damage
the pancreatic tissue amylase level was measured. The
pancreas was removed and dissected as free of fat as possible
(Boctor, 198l). The gland was homogenised in 6 mis of
pre-cooled (+U°C) 0.01 N HC1 containing 0.01 mol/l CaCl^
(Huttenen, 1973). Homogenisation was performed with a hand
electric drill using a glass tissue homogenizer fitted with
a teflon pestle. The homogenate was centrifuged at
160,000 g for 1 hour at U°C. The clear supernatant was
removed and kept at -20°C until use. The amylase content
of the homogenate was determined by the Phadebas method (u/l).
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The protein content was assayed according to the method
of Lowry et al (1951) using bovine serum albumen as the
reference protein (mg/l). The amylase was expressed as
u/mg of protein. The value obtained for a normal pancreas
was 12.6+6.8 u/mg, similar to that quoted by Huttenen
(1973). For reasons explained later this estimation was
not performed for all animals.
(iv) Histology
Representative portions were taken from the head and tail
of the gland. The tissue was fixed in formalin, dehydrated in
ascending strengths of ethanol, cleared in cedarwood oil and
embedded in paraffin. Some specimens, used for later
photography, were embedded in plastic resin. Sections (5
thick paraffin, 3 p plastic) were cut with a microtome and
stained with haematoxylin and eosin. Each section was coded
and assessed by two independent observers. The correlation
between the two observers was good (r = 0.95» P<0.00l).
Several methods of histological assessment of pancreatic
damage have been described. Hansson (1967) assessed several
histological features and graded them on a scale 0 to +++
i.e. acinar necrosis, bleeding, thrombosis, interstitial
inflammation, dilatation of acini and the amount of zymogen
granules in the acinar cells, peripancreatic tissue, fat
necrosis and inflammatory reaction. The acinar necrosis was
classified as a small solitary necrosis of parenchymal
cells, ++ several foci of necrotic parenchyme, +++ widespread
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areas of necrosis. Nevalainen (1975) evaluated various
microscopic changes in the rat pancreas following formation
of a closed loop experimental model of acute pancreatitis,
i.e. oedema, haemorrhage, peripancreatic fat necrosis,
inflammatory cell infiltration, acinar cell necrosis, ductal
dilatation and loss of basophilia. Rao (1981) classified
the degree of pancreatitis as mild, moderate to severe and
severe haemorrhagic based on changes related to oedema,
inflammatory cell infiltration, vascular change, ductal
changes and acinar changes. Thus quantification of the
severity of acute pancreatitis was possible. Several other
authors have attempted to grade pancreatic changes on a
scale 1 to 3 and thus develop a pathological scoring system
(Pissiotis 1972, McCutcheon 1963, Anderson 1965, Pfeffer
1962, Reinitz 1977 > Jalovaara 1978, Poncelet 1972).
In this study we have used a pathological scoring system
based on the observations of Hansson (1967), Revalainen







Each of these features was scored 0-3:
0 = normal
1 = mild changes
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2 = moderate changes
3 = severe changes
These features were assessed "both in the head and tail
portions of the gland and a mean value obtained. Thus
each gland had a final score of 0-15 with a score of
- 0-5 representing mild pancreatic damage,
- 6-10 representing moderate pancreatic damage, and
- 11-15 representing severe pancreatic damage, or acute
This classification corresponds closely to that used in the
human setting, where Kummerle and Hollender (1983) have
graded acute pancreatitis into
I - oedematous or mild
II - partly necrotizing or moderate
III - AHP or severe
Examples of pancreatic damage are shewn later in this thesis.
Correlation of parameters of pancreatic damage.
The histological damage observed in the pancreas was taken
II v
as the gold standard against which all the other parameters
were assessed. Correlations between the parameters are given
below using Pearson's "r" value.
haemorrhagic pancreatitis (AHP).
r value p value
PGWR v water content 0.82 p <0.001
PGWR v histology 0.75 p <0.001
PGWR v histological oedema o.Uo p <0.001
water content v hist, oedema 0.91 p<0.001
SA v histology 0.3b p <0.02
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PFA v histology







There thus appeared to be no relationship between the
pancreatic gland amylase level and the histological changes
observed. In view of this finding we abandoned use of
this time consuming investigation. The parameters of
pancreatic damage used in this study were:
(i) pancreatic gland weight ratio (PGWK)
(also water content in pressure studies).
(ii) serum amylase. (SA)
(iii) peritoneal fluid amylase. (PFA)
(iv) histology score.
Statistical Analysis
For analysis between groups of animals (N usually 8 or 10)
the Mann-Whitney U test or Student's t test was used. Correlation
using Pearson's "r" was used to compare the relationship
between two variables. Statistical significance only occurred
when P<0.05 (i.e. 5% level).
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CHAPTER III
INTRADUCT VOLUME AND THE PANCREAS
Introduction
One of the pre-requisites for the development of an experimental
preparation which functions within physiological limits -in the
study of acute gallstone pancreatitis is that the volume of infusate
he carefully controlled. The other major pre-requisite, that of
pressure of infusion, is discussed at length in the next chapter.
Most experiments using the rat have infused various solutions
into the pancreatic ductal system to produce pancreatitis. Whilst
this method of producing pancreatic damage has much to commend it
there has been little quantification of the volume of infusate.
Indeed pancreatitis can easily he produced hy infusing a large volume
of various substances (e.g. olive oil) at high pressure into the
pancreatic duct. However this situation is irrelevant in the clinical
setting as only a small volume is likely to reflux into the pancreatic
duct, and that at a fairly low pressure. A review of the volumes of
infusate into the pancreatic duct system of the rat used hy previous
authors is summarised in Table 1. The diversity of volumes used
ranges from 100 jul (Terry 1982, Ohnishi 198k) through 200 pi (Donahue
198k, Aho 1982) and 500 pi (Evander 1981) to the large volumes of
1000 pi (Poncelet 1972) and 1500 pi (Hansson 1967). Comparison between
the degrees of pancreatic damage induced by such infusions is impossible.
In the human setting measurement of the volume of the pancreatic ducts
has become possible with the development of the radiological technique
of ERCP (Endoscopic Retrograde Cholangiopancreatography). Filling of
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TABLE 1 The variety of volumes infused into the rat pancreas
Volume Fluid Infused Reference
lOOpl Ent erokinase/TC Terry, 1982,1983
trypsin/TC Ohnishi, 198U




200-250pl TC Aho, 1983
200-500}^l DOC Olazabal, 1980
300]£L 'alcoholic' bile Gamklou, 1966
i+00pl 'alcoholic' bile Jalovaara, 1978




600pl TC Lankisch, 1971*,1979a,b, 1983
Gabryelewicz, 1983
1000|H lysolecithin, etc Poncelet, 1972
1500pl Enterokinase Mann, 1979




FROP's - Free radical oxidation products
the entire ductal system is usually achieved with a volume of
2-5 mis (Kasugai 197^+s Stewart 1977» Waldron 19&8, Hermann 19795
Anacker 1977). If a larger volume is infused there is either escape
into the duodenum or a pancreatogram with filling of the small ducts
results. It is not infrequent when a large volume of contrast is
used during ERCP for duct rupture to become apparent with the accompanying
sequelae of acute pancreatitis. Elmslie and coworkers (1963, 1966)
(&od;<>/vv 2.0<*.£*, 8f)
have shown that injection of 0.75 ml of 50% Ifypaque^ensures complete
filling of the pancreatic duct in 10-15 kg dogs, and that larger volumes
caused extravasation of co^Tfck-f into the gland. Thus the maximum
volume of a solution that can be accommodated in the adult dog pancreatic
ducts without causing rupture of the ductules is 0.75 ml.
The normal human pancreas weight 100-150 g (Hermann 1979, Geokas 1983)
and the rat pancreas weighs approximately 1 g (Richards 19Gb, Herriot
1963), giving a 100:1 ratio between the pancreases of man and rat.
Using this ratio to calculate the equivalent volumes of pancreatic ducts
approximates to 5 mis (man): 50 pi (rats) (Table 2). As 5 mis is the
maximum volume of the pancreatic duct then the physiological volume of
infusate into the rat pancreas must be less than 100 pi. It was these




The object of this initial study was to establish the volume of
injectate which would be physiological for the rat preparation used.
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VolumeinjectedtoRat (Pancreas1g) Ml 50 100 150 200 500 1000 TABLE2ComparativeVolumes
Humanequivalent (Pancreas100g) ml 5 10 15 20 50 100
Experimental preparation
The experimental preparation previously described in figure 5
was used. Sterile Indian ink was passed through a micron filter
and diluted to a final osmolality of 300 mosm/kg (the same as
that of rat plasma).
Infusion - volume study
Indian ink solution was infused into the rat pancreas at a rate of
50 juL/minute. Throughout the infusion the pressure within the system
was measured and the maximum pressure reached with each volume
recorded. Varying volumes were infused into the pancreas : 50 jul,
100 jol, 150 pi, 200 jH, 500 pi, 1000 pi. (N = 5 for each).
Pressure study
The results obtained from the volume studies suggested further study
using different pressures of infusion with a constant volume. 50 jul
Indian ink was infused into the gland at maximum infusion pressures of
Assessment
At 20 minutes the animals were sacrificed and the whole pancreas
removed. The gland was assessed macroscopically for the degree of
acinar blackness by two independent observers using a scale 0-3
(for both head and tail of gland).
0 = no blackness.
1 = mild blackness.
2 = moderate blackness.
3 = severe blackness.
10, 15, 20, 25 and 50 cm H^O by varying the rate of infusion
-25"
Two representative portions were taken from the head and tail
of the pancreas. These were processed as previously described
and haematoxylin and eosin sections prepared. The histological
appearance was assessed for ductal extravasation of Indian ink
by the same two observers and graded 0-h.
0 = Indian ink - all in ducts.
1 = Indian ink - little outwith ducts but no ruptures.
2 = Indian ink - few duct ruptures.
3 = Indian ink - moderate extravasation with few duct ruptures.
4 = Indian ink - severe extravasation with multiple duct ruptures.
Results
The results of infusing different volumes of Indian ink are shown in
table 3.
50 |il volume: the highest pressure reached in the system was 15 cm H^O.
Macroscopically Indian ink remained in the ducts and there was no
evidence of acinar staining (fig. 6a). Histological changes of duct
extravasation were minimal (see later) and were more marked in the head.
100 |£L volume: the highest pressure attained was b3 cm H^O. There was
macroscopic evidence of acinar staining throughout the gland (fig. 6b).
Histological ink extravasation was marked with much of the Indian ink
lying free outwith the ducts from areas of duct rupture.
150 pi volume: the highest pressure recorded was 62 cm H^O. There was
however a sudden fall at this pressure to a value of 35 cm H^O, indicating
sudden ductal disruption. Marked acinar staining was noted throughout
the gland. Histological extravasation was prominent with ductal rupture
commonly seen.















































Fig. 6B Infusion of 100 pi Indian ink.
Fig. 6P Infusion of 1000 pi Indian ink.
Fig. 7B Histology: Indian ink passing through intercellular
clefts (H+E x 250).
Fig. 7C Histology: Indian ink passing through large duct
rupture (H+E x 250).
Fig. TP Histology: Indian ink passing through small duct
rupture (H+E x 250).
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Fig. 7E 'Widespread extravasation of Indian ink
(H+E x 200).
<
Fig. 7F Widespread extravasation of Indian ink
(H+E x 250).
in the pancreas. The maximum pressures reached were 200 pi ~8l cm H^O,
500 pi - 90 cm H^O and 1000 pi - 93 cm H^O. These pressures were,
however, only reached transiently as there was a sudden fall to values
of 30-^0 cm H^O indicating gross ductal disruption. Macroscopic heavy
staining of the entire gland was noted in each case (figs. 6C and 6D).
The histological appearances were those of gross ductal disruption with
Indian ink free throughout the gland.
Pressure studies: (50 pi volume)
10, 19 cm HpO: all the Indian ink was within the ductal system
(fig. 7A). There was no evidence of acinar staining or ductal
ext ravasation.
20, 29 cm H^O: a mild to moderate degree of acinar staining was noted
in the gland tissue. Histologically Indian ink appeared to he leaving
the ducts via intercellular clefts into a periductular and periacinar
space ("fig. 7B).
90 cm H^,0: a moderate degree of acinar staining was observed.
Histological evidence of duct rupture was apparent with Indian ink
free in the periductal space (figs. 7C and 7D).
Figures 7E and 7F demonstrate extravasation of Indian ink using the
200 pi volume.
Discussion
This initial research is important in the study of acute gallstone
pancreatitis as the volume of fluid refluxing into the pancreatic duct
of man is limited by the volume of the duct and the pressure of reflux.
In the experimental situation the injection of a large unphysiological
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volume, at grossly elevated pressures, has limited relevance in
a meaningful study of acute gallstone pancreatitis. Indian ink was
used as a marker of ductal integrity with the use of this compound
being well established in the study of ductal structure (Pirola 1970,
Bockman 1971> Edlund 1963, Egdahl 1968, Anderson 1968). Other compounds
such as fluorescein (Duprez 1963), ferritin particles (Bockman 1971)
and various dyes (Mallet-Guy 1958) have been used in similar studies.
This study has shown that injection of a volume of 100 pi or more into
the pancreas of a rat is associated with duct rupture and gross extra¬
vasation of the duct contents. 100 pi in the rat is equivalent to 10 mis
in the human, well in excess of human pancreatic ductal volume. These
results are in contrast to those obtained when the 50 pi volume was
studied. Using this physiological volume there was a close relationship
between ductal extravasation and infusion pressure. At low pressures
(10, 15 cm HpO) no ductal extravasation was seen. At moderate pressures
(20, 25 cm 1^0) extravasation was identified between the acinar cells
but no evidence of duct rupture was seen. At high pressure (50 cm 1^0)
there was evidence of duct rupture. These results are similar to those of
Pirola (1970) although he did not quantitate the volume of infused
Indian ink carefully. It is important to note that Indian ink can escape
from the ducts through intercellular clefts at physiological pressures,
confirming the earlier observations of Pirola (1970) and Egdahl (1958).
At high pressure (>35 HpO) this study confirms that ducts rupture with
escape of pancreatic secretions (Pirola 1970, Dreiling 1952, White 1966).
This study has therefore demonstrated that 50 P1 is the optimum volume
for infusion into the rat pancreas. As the volumes of infusate used in
previous studies have all been of 100 P1 or above, interpretation and
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extrapolation of such results to a meaningful study of acute
gallstone pancreatitis remains questionable. On the basis of this
initial research a volume of 50 pi was used in all further infusion
studies.
Conclusions
1. The volume of infusate is important in producing ductal
extravasation.
2. All volumes of 100 pi or above produce duct rupture and are
considered unphysiological when the rat is used as an
experimental model.
3. Duct extravasation produced by the 50 P1 volume is dependent
on infusion pressure. At low pressures there is no
extravasation. At moderate pressures Indian ink passes
through intercellular clefts and at high pressures there
is evidence of duct rupture.




PRESSURE AND THE PANCREAS
Introduction
Although the pathogenesis of acute gallstone pancreatitis (AGP)
remains an enigma there appear to he several contributing factors.
The finding of gallstones in the faeces of more than 80% of patients
following an attack of acute gallstone pancreatitis (Acosta 197*+ >
Kelly 1976) suggests that there is passage of gallstone down the
biliary tree to the ampulla of Vater. On reaching the ampulla
temporary occlusion may occur leading to a rise in pressure in the
bile and pancreatic duct system (fig. l). The amount of reflux
between these two ducts is dependent on intrinsic pressure relationships.
The gallstone may then pass into the duodenum with associated temporary
incompetence of the ampulla and consequent duodeno-pancreatic reflux
(fig. 2). Proponents of these two theories have been numerous. The
bile reflux theory of Opie (1903) has been hotly disputed by those
suggesting duodenal reflux to be more important (McCutcheon 1968,
Johnson 1967). The third theory of obstruction of the pancreatic duct
in the presence of an actively secreting gland (obstruction-hypersecretion
theory) has fallen into disfavour (Eckhauser 1981).
It is important to emphasize that a common feature of these three
theories is the pressure relationships within the pancreatic - biliary -
duodenal system. If pancreatic reflux were to occur from either the
biliary system or duodenum then the amount of reflux would be dependent
on pressure differentials. Moreover, it has been postulated (Klein 1983,
Banks 1971) that an increase in pressure within the pancreatic duct
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might he an aetiological mechanism in the genesis of AGP, an
increase in pressure leading to rupture of ducts (Pirola 1970) and
escape of ductal contents into the interstium (Edlund 1963).
This study explores the pressure relationships between the pancreatic
and bile ducts and duodenum.
Factors that determine pressures in biliary and pancreatic ducts.
(Hallenbeck 19&7)•
Pressures in the biliary and pancreatic ducts are directly proportional
to the pressure and the rate at which fluid enters the system and
inversely proportional to the resistance of flow through it. Pressures
in these ducts, as with pressure in other abdominal viscera, are
modified by intra-abdominal pressure, which varies in turn with
respiratory movements. The greatest possible pressure available to
propel bile or pancreatic juice through the ducts are the maximal
secretory pressures of the respective organs. Resistance to flow is
influenced by many factors, including the length and calibre of the
ducts and the viscosity of the fluid, but the principal regulators of
resistance in the biliary and pancreatic ductal systems are the
sphincteric structures that surround the terminal portions of the ducts.
Secretory pressures of liver and pancreas
Cannulation of a bile or pancreatic duct allows measurement of the
maximal secretory pressures of these two organs. The pressures attained
exceed pressures that could result from simple diffusion from capillary
blood; an active secretory process is involved (Hallenbeck 1967,
Brauer 195^» Davenport 1976). The secretory pressures of the liver
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and pancreas do not indicate the absolute force that the secretory-
cells of these organs can generate but rather the pressure at which
the maximal rate of secretion is balanced by retrograde escape of the
secretion through the organ and into its lymphatics. Thus the secretory
pressure of the liver or pancreas can be regarded as a measure of
leakiness of the organ, and it is of interest both that pancreatic
secretory pressure in a dog with fibrosis and atrophy of the pancreas
»
induced by chronic obstruction was far above normal (Wulsin 1953), and
that hepatic secretory pressure of rats with livers made cirrhotic
by exposure to carbon tetrachloride were significantly higher than
normal (Shorter 1959).
When ductal obstruction is maintained, biliary secretory pressures
have been observed at or near maximal levels for at least 6 days in
the cat (Mitchel 1916) and for at least U days in the rat (Shorter
1959). Pancreatic secretory pressure in rats remained maximal after
2b hours of obstruction (Grossman 1958). There is now evidence that
after occlusion of the common channel, bile duct pressure may
increase above that in the pancreatic duct (Herriott 1966, Hansson
1967)', an observation of relevance fcb the passage of gallstones
down the biliary tree.
Secretory pressures have been measured during obstruction of the bile
and pancreatic ducts. When the hepatic secretory pressures are
measured the gall bladder, if present, must be removed, or the cystic
duct ligated, in order to obtain values -uninfluenced by the elasticity
and absorptive capacity of the gall bladder. Values obtained when
the animals are anaesthetized tend to be lower than when the same
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animal is unanaesthetized (Hallenbeck 1967, Sewell 1976). A summary
of these values is given below.
(mean values) (cm HgO)
liver pancreas reference
21.5 M ann 1918
rat 21+.0 Shorter 1959
22.1 Grossman 1958
30.3 31.3 Herring 1907
17.6 18.3 Gilsdorf 1967
do£
32.5 22.1 Hallenbeck 1967
30.0 28.0 Ivy 1952
It should be emphasized, however, that these are pressure obtained
during obstruction and are not true resting pressures. Values
obtained when the ducts are not obstructed give different results
(see later).
Elliott and colleagues (1957) determined the pressures in the bile and
pancreatic ducts of unanaesthetized dogs following prolonged obstruction.
The secretory pressure of the pancreas was initially about 30 cm ^0.
Following ductal obstruction it rose uniformly, but within 2k hours
it fell again and approached its initial value. The biliary pressure
increased steadily to 25~30 cm HpO and exceeded the pancreatic pressure
after 12-21+ hours of obstruction.
Cholangiomanometry
This technique was developed to provide a means of detecting any
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obstruction to the major bile ducts and to confirm that there is
no hindrance to the normal flow of bile (Daniel 1972, Caroli 19^6).
Cholangiomanometry is a method of determining the resistance of the
sphincter of Oddi to the free flow of bile into the duodenum as it
has been suggested that choledochal pressures are a product of
sphincteric activity (Cuschieri 1972). The highest normal opening
ih t*.e.i\
and resting pressures^are considered to be 15-l6 cm ^0 (White 1978,
Daniel 1972, Doubilet 1937, Kraus 1967, McCarthy 1970, Schein 1970).
In the presence of pathology in the ducts the opening pressure rises
above l6 cm HgO to values in excess of 30 cm HgO (White 1978,
Daniel 1972). Cuschieri (1972) has demonstrated pancreatic duct
reflux during manometric choledochography at pressures below the
sphincter opening pressure. Schien (1968) studied choledochal
dynamics in man using cinemanometric cholangiography, He found that
the average pressure required for pancreatic duct filling was
23 cm I^O (15-UO cm HgO) and that this was not related to choledochal
pressure.
These observations suggest that there is a sphincter opening pressure
of 15 cm H2O or above when gallstones are present in the common bile
duct. Pancreatic duct reflux can occur when pressures in the bile duct
are well within the physiological range.
Endoscopic manometry
The recent advent of endoscopic retrograde cholangiopancreatography
(ERCP) has allowed non-operative measurement of pressures in the human
pancreatic and bile ducts (Ribiero 1977, Csendes 1979, Carr-Locke 1981).
Csendes (1979) measured resting pressures in the common bile duct to be
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ll.iHG_.3 mm Hg in controls, 12.8+0.9 in those with gallstones and
8.9+1.9 in those with choledochal stones. The pressures in the
pancreatic duct for the corresponding 3 groups of patients were
32.5±3.3, 28.U+l.9 and 25.3+1*9 mm Hg. A review of pressures
measured by endoscopic manometry in the normal resting biliary
and pancreatic ducts is given below.
choledochal pressure pancreatic duct pressure
(mmHg) (mmHg)
Csendes 1979 11.1++1.3 32.5+3.3
Hogan 1977a 11 —
Hogan 1977b 13 —
Carr-Locke 1981 3.0+2.5 ll.U+3.0
Rosch 1978 8.8+2.1 10.9+3.1
Geenen 1977 9.3+2.0 —
Bar-Meir 1979 12.0+1.0 15.0+1.0
Anacker 1977 12.0+3.5 22+7.3
(N.B. Different catheter size, infusion rate and compliance makes
results not strictly comparable).
Tanaka (1981) demonstrated ductal pressures to vary with respiration
and posture changes as the pressures rose on inspiration and in the
prone position. The values obtained by these investigators, while not
comparable, indicate that in the normal fasting patient the pressure
in the pancreatic duct is greater than that in the common bile duct.
Sphincter of Oddi motility
Recent developments in instrumentation have enabled an increased
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understanding of sphincter of Oddi physiology (Toouli 198U). Prior
to the advent of endoscopic manometry most of the studies of sphincter
of Oddi function had "been performed in experimental animals, in man
during surgery on the biliary tract (Schein 1970) and patients with
T tubes (Bergh 19^+2) in the biliary tract. Studies in a variety of
experimental animals (cats, dogs, opossums, monkeys) have demonstrated
that the sphincter of Oddi (SO) functions independently of duodenal
muscle activity (Toouli 198^, La Morte 1980, Becker 1982). The pre¬
dominant mechanism of common bile duct emptying in the opossum is the
antegrade SO phasic contraction (Toouli 1983) and the caudal 3-^mm of
the sphincter has a narrow lumen with a basal pressure of 15 mm Hg.
The common bile duct and pancreatic duct proximal to the sphincter do
not demonstrate spontaneous motor activity, and appear only to act as
compliant capacitance conduits. Thus during the fasting state control
of bile flow is maintained by prominent phasic contractions that
continually expel small volumes of bile into the duodenum. These
ckokcysf-ok I/\l f\ o I*
contractions are inhibited by^CCK (Behar 1980).
Manometric studies in man have demonstrated a high pressure zone
corresponding to the SO, with phasic pressure changes superimposed on
the basal sphincter pressure (Csendes 1979 s Carr-Locke 198l). A recent
study (Toouli 1982a) showed that the SO was characterized manometrically
by prominent phasic contractions superimposed on a basal SO pressure
3 mm Hg above the pressure in the common bile duct and pancreatic duct.
The amplitude of the phasic contractions was 130 mm Hg and their
frequency k per minute. The majority of contractions were antegrade
(60%) although some contractions occurred simultaneously (25$) and 15$
were retrograde in action. CCK inhibited basal contractions and produced
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a fall in the "basal SO pressure (Toouli 1982b). It was concluded
from these studies that, during fasting, the human SO exhibits
peristaltic type phasic contractions which propel bile into the
duodenum and prevent reflux of duodenal contents into the bile, and
pancreatic ducts. During feeding (CCK released) passive movement of
bile occurs across the SO into the duodenum.
Several sphincter of Oddi motility disorders have now been described,
although the evidence for their existence remains sparse (Toouli 198U).
Spasm of the SO is characterised by an elevation of SO basal pressure -
producing increasing resistance to bile flow from the common bile duct
into the duodenum. Some patients appear to have a paradoxical response
to CCK injection with an increase in SO pressure (Hogan 1982). Other
patients have an increased frequency of contractions of the SO causing
an obstruction to bile flow, similar to morphine action (Berci 1965,
Toouli 198U).
A recent study has described abnormalities in the orientation of SO
contractions (Toouli 1982a) in patients with choledochal stones. In
these patients there is a significant decrease in the percentage of
contractions orientated in an antegrade direction. It was, however,
uncertain whether the abnormal retrograde contractions preceeded stone
formation or were due to the presence of stones themselves. As gallstone
pancreatitis has been attributed to gallstone migration down the biliary
tree and through the SO, (Acosta 197^» Kelly 1976) it is possible that
an abnormality of SO motility might lead to bile reflux into the pancreat
duct.
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These preliminary human studies suggest that motility disorders of the
SO may be partly responsible for the initiation of reflux into the
pancreatic duct. The SO pressures measured in man are certainly well
above those in both the bile and pancreatic duct indicating that reflux
between the two ducts is likely during episodes of SO contraction.
Pressure relationships
As fluid flows down hydrostatic pressure gradients a knowledge of
pressure relationships within the pancreatic and biliary ducts and
duodenum is important. These pressures are direct pressures and are not
the maximum secretory pressures mentioned previously.
Biliary pressure
Intraluminal pressures of the common bile duct were first measured in
dogs through a T-tube with a mean value of 12 cm H^O (Potter 1926).
Parry and associates (1955) and Menguy and co-workers (1958) introduced
polyethylene tubes into the common bile ducts and pancreatic ducts of
dogs, pulling the tubes through the parenchymata of the organ until the
open ends lay in the mid-portions of the ducts well away from the sphincters,
which were free to function normally. Parry (1955) found common bile duct
pressures to measure b.Q cm H^O (0.3_9.*0 in the resting state and Menguy
(1958) found it to be 7-1 cm H^O (0-15.8). In humans the common bile duct
pressure has been measured via a T-tube at 6-29 cm H^O, the majority of
readings being between 10 and 15 cm H^O (Jacobson 19575 Anderson 1962,
Bergh 19U2).
In the biliary tract the gallbladder serves as a pressure regulator
(Hansson 1967), and the pressure varies with the state of contraction of
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the gallbladder. After removal of the gallbladder the pressures in
the bile duct during fasting were on average 1+ cm HgO higher when
measured in dogs (Menguy 1958, Hansson 1967). Feeding produces a
marked rise in choledochal pressure with pressures rising to above
30 cm HgO (Hansson 1967) about 30 minutes after the beginning of the
meal. However, it should be noted that the degree and rate of increase
in choledochal pressure varies considerably from animal to animal
(Hallenbeck 1967, Parry 1955). Hormonal stimulation by secretin and CCK
produces an increase in biliary pressures to values of 30 cm H^O (Hansson
1967). This increase in pressure while less dramatic than that produced in
the pancreatic ducts, is of longer duration. Several analgesic derivatives
of morphine increase the sphincter of Oddi pressure with a subsequent rise
in choledochal pressure (Scendes' 1979, Hopton 19&7) •
Pancreatic pressure
An increase in pressure within the pancreatic duct system has been
claimed to be an aetiological mechanism in the genesis of the two commonest
forms of acute pancreatitis, alcoholic and gallstone (Klein 1983a,b). This
increase in pressure may be due to an increase in pancreatic exocrine
secretion simultaneous with ductal obstruction (Banks 1971, Gambill 1973)
or following free reflux of biliary and duodenal fluid (Acosta 197*+ ,
McCutcheon 1968). The dynamics of pancreatic ductal pressure changes is
thus very important for a complete understanding of the pathophysiology
of pancreatic disease.
Canine pancreatic duct pressure was initially measured by Parry and
associates (1955) to be 9*1 cm H^O (range 6.8-13.1) and by Menguy (1958)
to be lU cm H^O (3.5~29.3). Gilsdorf (1967) determined the average
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pancreatic ductal pressure to be 18.3 cm HO (11-27) and the mean bile
duct pressure to be 17.6 cm H^O (7-25). Diaagno and colleagues have
measured the fasting pancreatic duct pressures in unanaesthetized dogs
and found them to be 29.8+0.8 cm H^O (Owyang 1977) and 23 cm H^O
(Dimagno 1979).
Fewer studies have been performed for measurement of intrapancreatic duct
pressure in humans (Anderson 1962, White 1970, 1961+, Duval 1958). Values
ranging from 10 to 30 cm H^O are reported in these studies with a mean value
of 20-25 cm H^O. Stimulation of pancreatic secretion by feeding (Hallenbeck
1967) or secretin/CCK (Hansson 1967) produces a marked increase in pancreatic
duct pressure. This increase however is less sustained than that seen in
the bile ducts. White and colleagues (196U) reported that pancreatic
intraductal pressure increased from a range of 7~12 cm H^O to as much as
30 cm HgO after feeding and that secretin produced pressures as great as
38 cm H 0.
2
Klein (1983a,b) has carefully investigated regulatory factors of pancreatic
intraductal pressure. In experiments using dogs he demonstrated basal
pancreatic pressure to be 11.2+1.0 cm 1^0. This pressure was increased
by gastric alcohol to 17.7+1.6 cm HgO, and reduced by duodenal alcohol to
5.5+3.9 cm H^0. Vagotomy produced a b0% reduction in ductal pressure. Secretin
produced an 80% increase in pressure, this increase was less marked after
vagotomy. These results demonstrated the vagus nerve to have an important
role in maintaining pancreatic intraduct pressure. Vagotomy reduced pancreatic
secretion and relaxed the sphincter and duct wall. Further studies from the
same laboratory (Klein 1973b) suggested that the autonomic nervous system
affected pancreatic intraductal pressure i.e. vagal stimulation increased
pressure, vagotomy decreased pressure.
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Although considerable controversy exists regarding the role played
by the sympathetic system (Singh 1978, Dressel 1979), Gilsdorf et al
(1967) have demonstrated increased pancreatic intraductal pressure
during sympathetic nervous system stimulation. Furthermore, coeliac
plexus denervation produces a significant pressure decrease in the
canine pancreatic ducts (Klein 1983b). It has also been .suggested
that local reflex arcs play a significant role in controlling pancreatic
pressures (Tiscornia 1976). These observations indicate that the
pancreatic ductal pressure depends on at least three factors (i) rate
of secretion, (ii) activity of the sphincter mechanism and (iii) tone
of the duct itself.
A summary of factors involved in the regulation of pancreatic intraductal
















Pressures in the duodenum were measured during operation by
Daniel (1972) and found to be approximately 10 cm HgO and during
EPiCP by Anacker (1977) with values of 5.3^2.7 cm E^O. Dimagno and
colleagues have extensively investigated duodenal pressures in the
unanaesthetized dog. They found the fasting duodenal pressure to vary
between 22.9jl.12 cm HgO (Owyang 1977), 8+2 cm 1^0 (Dimagno 198la)
and 18.U+1.9 cm HgO (Dimagno 1979)- After feeding the duodenal pressure
increased and reached a peak of 1*8.5+0.5 cm ^0 at U5 minutes. This
postprandial increase was postulated to be a result of both a neural
(Bozler 19^-9S Kosterlitz 1968) and a hormonal stimulation by CCK
(Hedner 1967s Harvey 1975). Secretin produced a marginal reduction in
duodenal pressure (Dimagno 1981).
Abdominal pressure
Little is known of the factors influencing intra-abdominal pressure or
its importance in surgical pathology of the abdomen. Gedda (1983) studied
pressures in the subhepatic space after biliary surgery and found that
the pressure was influenced by breathing and position. Normal breathing
was associated with an intra-abdominal pressure of 2.5 mm Hg, deep
breathing a pressure of 5*0 mm Hg and coughing 2^.0 mm Hg. These pressures
were increased in the erect position with maximum values obtained of normal
breathing 5-8 mm Hg, deep breathing 11.3 mm Hg and coughing 60.8 mm Hg.
These findings are in keeping with the earlier results of Kewenter and
co-workers (1969). Indeed Ivy (1952) and Mann and Giordano (1923) have
measured pressures in the common bile duct of greater than 100 cm HgO
during vomiting, coughing or straining. Thus duct and duodenal pressures
may be modified by pressures in the subhepatic space. As the bile duct
is an intraperitoneal structure throughout much of its course it is likely
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that the biliary pressures could he more directly influenced by
intra-abdominal pressure than the retroperitoneal duodenum and
pancreatic duct. Vomiting and increased intra-abdominal pressures
(Dragstedt 193*0 are associated with biliary colic and may thus
be important in the context of reflux into the pancreatic duct.
More important than static pressure measurements are the dynamics
of pancreatico-biliary-duodenal pressure gradients, which may well be
important for a complete understanding of pancreatic disease (Klein
1983a,b). Without analysis of these dynamic events it is easy to
dismiss reflux into the pancreatic duct as being of little importance,
since, in most instances, the mean pressure in the pancreatic ducts
is greater than that in the biliary system and duodenum. Pressure
differentials within the duct-duodenal system may produce reflux, with
the amount and depth of reflux being dependent on the actual pressure
difference.
Biliary-Pancreatic reflux
Although the pressure in the pancreatic duct is usually greater than
that in the biliary tree (Hallenbeck 1967) bile refluxes at times into
the pancreatic duct system. Occlusion of the common channel in the rat
is associated with bile reflux into the pancreatic ducts (Block 1955)-
Herriott and colleagues (1966) created a common channel in rats between
the bile duct and pancreatic duct, and demonstrated bile to pass into
the pancreas. Indeed it appears that bile duct pressures may increase
above those in the pancreatic duct after obstruction of the common channel
(Herriott 1966, Hansson 1967)) after cholecystectomy (Hansson 1967), after
administration of cholecystokinin (Gamklou 1966) and occasionally after
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feeding (Menguy 1958, Parry 1955)• Gamklou (1966) occluded the
common channel in rats and studied the effects of the hormones CCK and
secretin. The administration of CCK stimulated "bile flow and gross reflux of
bile into the pancreas. Secretin, however, prevented bile reflux as
a consequence of increased pancreatic flow. A recent study by Becker
and associates (1979) summed up thoughts on bile reflux thus: "The
possibility of reflux has been explored in numerous experimental models.
Nevertheless, uncertainty exists regarding the frequency and quantity
of biliary pancreatic reflux under physiological conditions (Hicken 1952,
McCutcheon 1968), its mechanism of production (Caroli i960), the
physiological and pharmacological factors influencing it, as well as
its pathological significance (Schiller 197*0 • This uncertainty is due
in part to the fact that these models have suffered from the abnormal
pressures in the system". Becker and co-workers (1979) developed an
elegant primate model for studying biliary pancreatic reflux by inserting
cannulas into the gallbladder and common bile duct of rhesus monkeys with
creation of a pancreaticocutaneous fistula. Hypaque was instilled into
the gall bladder with maintenance of common duct pressures within a
normal range. The pancreatic duct was visualized in 62% of radiographic
studies and small amounts of iodine were detected in the fistula effluent.
Further studies using -*-^C - PEG demonstrated unequivocal reflux into the
pancreatic duct system. Furthermore they demonstrated reflux to occur
while the pressure at the distal end of the pancreas was well above
common bile duct pressure, reinforcing the concept of dynamic pressure
gradients. Becker's study is an important one as he demonstrated for the
first time biliary pancreatic reflux to occur under relatively physio¬
logical conditions. The finding of pancreatic duct reflux on operative
cholangiography adds further credence to the theory of bile reflux
(Taylor 1981, Kelly 1976, Cuschieri 1972) (see later).
Duodeno-pancreatic reflux
An understanding of the dynamic relationship between duodenal and
pancreatic pressures is vital if duodeno-pancreatic reflux is of
importance in the pathogenesis of acute gallstone pancreatitis. This
theory was revived by McCutcheon (1968) after the earlier development
of closed loop experimental models of pancreatitis (Pfeffer 1957)-
Although Rosato and co-workers (1970) indicated that in the closed
duodenal loop situation an elevated intraduodenal pressure alone did
not produce pancreatitis, Johnson and Doppman (1967) demonstrated that
hormonal stimulation with secretin and CCK in the presence of duodenal
distension did cause transampullary reflux of duodenal contents in
the rhesus monkey.
An elegant study in dogs (using microspheres) by Johnson and colleagues
(1976) demonstrated definite duodeno-pancreatic reflux to occur and when
duodenal pressure was increased by retching or ethanol administration the
frequency of reflux was elevated. Dimagno and associates (Owyang 1977,
Dimagno 1979, Hendricks 1980, Keane 1981, Dimagno 198l) demonstrated
that in dogs mean fasting pancreatic pressure was 5 to 10 cm HpO higher
than mean fasting duodenal pressure. However, after a meal, both
pressures increased and the mean duodenal pressure was higher than the
mean pancreatic pressure 20 minutes after feeding. They further studied
duodenal reflux into the pancreatic duct using - PEG and demonstrated
reflux to occur more frequently after feeding than fasting (38% vs.
10.8$). The total volume of duodenal content refluxed represented
between 0.5% and 1% of total pancreatic volume flow and between 0.05%
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and 0.07% of total duodenal volume flow.
Despite the static pressure gradients, definite bile and duodenal
reflux into the pancreatic duct can occur. The importance of this
reflux is dependent on the nature of the fluid, its pressure and volume,
and the nature of the pancreatic host defences.
1
The effect of pressure on the pancreasA common factor of the various theories
for the pathogenesis of acute gallstone pancreatitis is that of increased
pressure within the pancreatic ducts leads to escape of duct contents into
the interstitial tissues. Previous investigators have studied the effects
of pressure on the pancreatic ductal system. Rich and Duff (1936) were
pioneers in this field. They injected (no pressure measurement) Indian
ink into the pancreatic duct of dogs and produced ruptured acini with
extravasation of Indian ink into the interstitial tissues. Rupture of
small ducts and leakage through clefts between the aciner cells appeared
to be responsible. Egdahl (1958) injected Indian ink into the pancreatic
duct of dogs with more attention to pressure. At a pressure of 20-1+0 cm HoO
there was no evidence of duct rupture but there was passage through clefts
between acinar cells out into the interstitium of the gland. At higher
pressures of 200 cm HgO duct rupture was routine. Edlund and colleagues
(1963) used thorotrast to determine the effect of intraductal pressure
increase on the rat pancreas. They demonstrated that thorotrast
particles pass from the lumina of the glands via intercellular spaces
to the pericapillary space. Duprez et al (1963) reported similar
results following retrograde injections of fluorescein dye into the
pancreatic duct. Mallet-Guy (1958) described extravasation of dye into
periacinar tissue when it was infused into the pancreatic duct at
pressures between 35 and. 37 cm HgO. Herriott and Palmer (1966) showed
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that Indian ink extravasation in rats could occur as a result of
biliary pressure alone and was associated with evidence of small
duct ruptures. Pirola and Davis (1970) closely studied the effect
of pressure on the integrity of the duct-acinar system of the cat
pancreas. They carefully correlated pressure with the microscopic
and macroscopic changes produced by Indian ink. When a pressure of
20 cm H2O was used there was no evidence of ductal extravasation.
With 30 cm of pressure there was evidence of mild extravasation
through intercellular clefts. At 1+0 cm HpO the pancreas was densely
stained black with evidence of gross extravasation through duct
ruptures. They concluded that duct extravasation could occur at
pressures below the maximum secretory pressures of the pancreas.
Bockman and co-workers (1971) used retrograde infusions of ferritin
into the canine:pancreatic duct at carefully controlled pressures, and
observed the distribution of the injected agent by the use of both
light and electron microscopic techniques. They reported accumulation
of ferritin in a periacinar space. Access to this space appeared to
occur through minute disruptions of the cellular lining at the ducto-
acinar junction with the infusion mixture passing into a potential
space between the plasma membrane of the acinar cell and the basal lamina.
In a study by Anderson and Schiller (1968), dilute solutions of Indian
ink were infused into the pancreatic duct at pressures of 50 to 100 cm H^O.
Light microscopy revealed that ink particles were present between acinar
cells and concentrated at the basal aspect of acinar units. These
findings were interpreted as evidence that ink passed from the ductal
lumen between the acinar cells and into a space at the base of the
acinus. The "periacinar spaces" appeared to be intimately associated
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with the pancreatic lymphatic and capillary system, and the ink
particles were rapidly cleared from the normal canine pancreas.
Thus extravasated saline or Indian ink passes into the periacinar
and interstitial spaces before being rapidly cleared by the capillary
and lymphatic system (Schiller 1972).
Summarising the results of these studies reveals that at:
: low pressures (20 cm H2O) no extravasation occurs
: moderate pressures (20-30 cm HgO) extravasation occurs via
intercellular clefts
: high pressures (^35 cm H^O) duct rupture occurs.
Pancreatic intraductal fluid can thus reach the interstitial tissues
in the absence of ductal rupture or of high intraductal pressures by
sifting through clefts between acinar tissues (Gambill 1973, Banks 1971).
The effect of injection of fluids into the pancreatic ducts is therefore
very dependent on the pressure of injection and a comparison between
the results of such injections is invalid unless careful consideration
be given to pressure.
Pressure and ERCP
The recent development of ERCP as a radiological tool for the
investigation of pancreatic duct structure and physiology has
highlighted the importance of volume and pressure of injection.
Hermann (1979) and White (1975) state that 1.5-2.0 ml of dye is all
that is required for filling of the pancreatic duct with 5 ml being
the maximum volume. They further emphasize that overfilling of the
pancreatic duct system may induce pancreatitis. Anacker (1977) has
correlated the degree of duct filling (i.e. volume and pressure) with
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elevations in serum amylase and lipase. The greatest changes in
these enzymes were associated with parenchymal filling during ERCP
examination. Recent experience in our unit emphasizes these points.
A 52 year old lady underwent ERCP examination for suspected pancreatic
disease. 3 mis ofwtastwere infused into the pancreatic duct at a
high pressure with the x-ray film illustrated in fig. 8.- This demonstrates
a parenchymogram (acinar opacification) with probable duct
extravasation in the kee-d. of-4Im<A. Following this examination the
patient developed severe abdominal pain with a grossly raised serum
amylase (26,000 u/l). We are certain that this patient developed acute
pancreatitis secondary to high pressure rupture of the pancreatic ducts.
Fortunately, she recovered fully, but it remains debateable whether this
relatively benign course would have followed if the extravasated fluid
was toxic and not the relatively bland constrast medium.
Kasugai et al (197*0 investigated pressure and ERCP examinations and
demonstrated a correlation between the infusion pressure and raised
amylase levels. The lowest pressure at which amylase will pass into
the blood in man is known to be less than 30 cm HpO (ivy 1952). Howell
and Bergh (1950) observed that when, during the course of^cholangiography,
the radio opaque material or bile passed into the pancreatic duct under
a pressure of 20-1+2 cm H^O, a rise of serum amylase occurred within
30 minutes. Bilbao (1972) lists the factors that are associated with
ERCP-induced pancreatitis as; speed and pressure of injection of contrast
material, the volume injected and the number of injections into the
pancreatic duct. The use of large volumes tend to overdistend the
pancreatic ducts and cause acinar opacification and there is evidence that
post-injection pancreatitis occurs almost exclusively amongst patients
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with acinar opacification (Bilbao 1976). The incidence of post-
injection pancreatitis can he reduced considerably by using small
amounts of contrast material at physiologic pressures and utilising
careful fluoroscopic monitoring of the effects of injection. In one
study (Kasugai 197^ With manometric control of injection pressure,
the frequency of acinar filling was reduced to 2,h% and there was no
clinical evidence of acute pancreatitis. The reverse also appears
to be important as White (1975) has demonstrated that a recent attack
of pancreatitis is associated with diffuse opacification of the pancreas
after only a small volume of dye is injected. These reports reinforce
the importance of duct pressure in producing pancreatic damage.
Pressure and pancreatitis
This will be discussed more fully in the next chapter. Briefly, however,
bile at low pressures produces no pancreatic damage (Robinson 1963,
White i960) whereas the same bile at high pressures (Davenport 1976,
Banks 1971, Sum 1970, Gilsdorf 1967, Gamklou 1966, Blumenberg and
Powers 1963) will induce acute pancreatitis. These observations, while
requiring further elucidation, demonstrate a definite relationship between
pressure, bile and pancreatitis. Indeed Guelrud (198M has stated;
"the theory that canalicular hyperpressure appears to be a major factor
in producing acute pancreatitis is supported by the experimental reproduction
of the disease".
These varied observations, stimulated me to examine the effect of
pressure alone on the pancreas before proceeding to examine the effect
of more toxic substances.
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Materials and methods
object: To investigate the effect of pressure alone on the
pancreas before proceeding to evaluate more toxic substances.
The pressures studied were those known to occur in the bile-
pancreatic-duodenal system. It is unlikely that the maximum
pressure exerted (50 cm f^O) is surpassed in the physiological
situation.
experimental preparation: The experimental preparation described
in figure 5» was used in this study. The volume of 50 pi evaluated
in the previous chapter was used in all studies. The injectate
was 0.9% sterile saline. 50 pi of saline was infused into the
pancreatic ductal system at varying rates to produce maximum
pressures of 10, 15, 20, 25 and 50 cm H^O. The low pressures
required a longer period of infusion to deliver a given volume,
(i.e. 10 cm H^O - 5s mins, 15 cm H2O - 3 mins, 20 cm H^O - 1 min,
25 cm HgO - 30 sees, 50 cm H^O - 3 sees). Following delivery of
50 pi saline the infusion pump was discontinued and the cannula
left in situ for a short (5 minutes) or long (60 minutes) period.
During these periods the pressure in the system fell as indicated
in figures 9 and 10.
After the set period of occlusion (short or long) the cannula and
ligature were removed, the duodenum was closed with a single 7/0
prolene suture and the abdomen in layers. The animals made a full
recovery with free access to food and water until sacrifice at
2k hours. Pancreatic damage was assessed as previously described
in Chapter II. Two groups of animals were used for comparative
purposes: laparotomy only (sham) and cannulation only (control).
Pancreatic and biliary pressures in rats
Direct measurement of the corresponding pancreatic and biliary
pressures was performed in 10 anaesthetized rats. A biliary
cannula was inserted into the bile duct close to the liver. A
pancreatic cannula was inserted into the isolated BPD. The results
of these measurements were
biliary pressure, median 8 cm H^O, range 5.lh
pancreatic pre-sure, median 11 cm HgO, range 6-21
At most measurements (82$) the biliary pressure was below that
of the pancreas. In some {l8%) recordings the biliary pressure
exceeded pancreatic pressure. When the two cannula were joined
(i.e. free passage between bile and pancreatic juice) there was
little movement for several minutes. After 5 minutes, however,






All animals survived to 2k hours and no animal developed more than
mild pancreatic damage.
macroscopy: There was no evidence of acute pancreatitis as
evidenced hy the lack of fat necrosis or pancreatic inflammation
or haemorrhage. The only change noted was oedema of the gland
and a small amount of peritoneal fluid.
pancreatic gland weight ratio (PGWR)
The results for the 5 and 60 minute occlusion times are given
in tables k and 5 and illustrated in fig. 11.
For the 5 minutes occlusion time there was a significant
elevation in the PGWR when the pressure was 25 cm H^O or above.
For the 60 minutes occlusion time there was a significant
elevation in the PGWR when the pressure was 15 cm H^O or above.
At corresponding pressures of 15, 20 and 25 cm HgO the PGWR
was significantly greater for the 60 minutes occlusion time than
the 5 minutes group. The most marked elevation in the pancreatic
gland weight ratio was obtained when a pressure of 50 cm H^O was
applied. At this pressure there was a k0% increase in the PGWR.
water content of gland
The water content of the pancreas at various pressures is
illustrated in fig. 12 and the results tabulated in tables U and 5-
The water content is a good indicator of pancreatic oedema as
previously mentioned (r = 0.91, P<0.001). Furthermore, the
constancy in measured values is evidenced by the low standard
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deviations. Cannulation of the duct alone (control animals)
produced a moderate increase in water content from 6Q% to 12%. Five
minutes of occlusion produced significant elevations in the water
content at pressures of 15 cm R^O and above. The water content of
the pancreas was significantly higher at most pressures in the long
occlusion group. Maximum values were obtained with' a pressure of
50 cm HgO and 60 minutes occlusion. Under these conditions the
water content was 83%.
serum amylase (SA)
The results for both the 5 and 60 minutes occlusion times are
given in tables k and 5 and illustrated in fig. 13. Cannulation
of the duct alone (control animals) produced a three to four fold
elevation in the SA. This illustrates the importance in having both
sham and control groups for comparative purposes. In the five
minutes group there was a significant elevation in serum amylase at
pressures of 15 cm H^O and above. In the sixty minutes group
50 cm H^O of pressure produced an elevation in SA. There was little
difference between the 5 and 60 minutes occlusion times at any
pressure. The results of SA measurements indicate that there is
a marked-variation between the results of any one pressure as
evidenced by the high standard deviation values. This reflects the
rather poor correlation (r = 0.3^-, P 0.02) between the degree of
pancreatic damage and serum amylase levels which was commented on
in Chapter II.
peritoneal fluid amylase (PFA)
This was not detected in animals undergoing laparotomy only (sham).
The volumes measured in the peritoneal cavity were never more
than 1-2 mis and often as low as 200 pi. The fluid obtained
was generally clear in nature and never haemorrhagic or darkly
staining as is associated with acute haemorrhagic pancreatitis
(McMahon 1980). The values obtained are tabulated in tables U
and 5 with fig. lU illustrating the overall trend (PFA values
were less variable than those of SA). Both five and sixty minutes
of occlusion gave similar results. There was a significant elevation
in PFA at pressures of 15 cm H^O or above. Maximum elevations were
seen at 50 cm HgO when the PFA was above 30,000 u/l.
Histology
The histological features were predominantly those of oedema
(amorphous pink material on H & E stains), occurring both in the inter and
intralobular spaces. The most marked changes were seen in the head
of the pancreas with a reduction in severity towards the tail of the
gland. Figures 15A and B illustrate a normal pancreas gland. Note
the normal ducts, blood vessels, islets and acinar tissue. There is
no oedema (grade 0). Figures 15C and D demonstrate severe oedema in
the inter- and intralobular spaces and there is no evidence of other
pancreatic damage. In no animal was there evidence of acinar necrosis
or haemorrhage. In a few glands a minimal inflammatory infiltrate was
noted with occasional polymorphonuclear leucocytes identified in the
interacinar and interlobular spaces. The duct changes identified were
those of dilatation with a few duct ruptures observed at high pressures.
The histological scores obtained at the various pressures are illustrated
in tables 1+ and 5 with graphic representation in figs. 16 and 17.
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For the 5 minutes occlusion group the histological score rose steadily
to a maximum value of 16 (group of 10 animals) at 50 cm H^O. Virtually
the only change observed was oedema although duct dilation and ruptures
were identified at the higher pressure (total l6: oedema 10, ducts 5S
other changes l).
The histological appearances in the 60 minute occlusion group were
similar although more marked at most pressures. The maximum value
of 28 (group of 10 animals) was obtained at 50 cm H^O. Again oedema
was predominant with some duct changes observed at high pressures
(total 28: oedema 19, ducts 6, other changes 3). Duct rupture is
shown in fig. 18.
It should be noted that the maximum histological score at any pressure
or occlusion time was 28 for a group of 10 animals and is in our
defined range of mild pancreatic damage. Pressure does not produce
acute pancreatitis but appears to be important in the context of
ductal extravasation. Figures 19A and 19B diagrammatically illustrate
the effect of pressure on the ductal system.
Pressure effects vs. Indian ink studies
The previous Chapter described the effect of pressure on a given volume
of 50 ul Indian ink. Correlation with the described 2k hour changes
produced by the same pressures is given in table 6. Analysis of these
results demonstrates a reasonably good relationship between the known
Indian ink extravasation and the pancreatic damage observed at 2k hours,
low pressure: no ductal extravasation and minimal pancreatic
damage.
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moderate pressure: extravasation through intercellular clefts.
Moderate elevations in water content, PGWR
and amylase levels with associated mild oedema,
high pressure: extravasation through ductal ruptures. Marked
oedema with maximal elevations in water content,
PGWR, and amylase levels.
Results summary
- Pressure alone has importance in producing pancreatic damage
and must be carefully controlled in meaningful studies on
acute gallstone pancreatitis.
- The pancreatic ductal system is a fairly low pressure system
capable of withstanding luminal pressures of only 30-^0 cm H^O.
Pressures of 20-30 cm H^O produce leakage and pressures of


















































































































P<0.02 v. controls P<0.01 v. controls P<0.OOl v. controls
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P<0.OOl v. controls P<0.001 v. controls P<D.01 v. all others
** **
P<0.05 v. 25 cms P^O.Ol v. 20 cms
** ***

















TABLE $ vs. TABLE b LEGEND
Comparison of 60 vs. 5minutes at corresponding pressures.





15 cmiigO - P<0.001 15 cmH20 - P<0.001 50 cmHgO - P<0.02
20 cmH20 - P<0.001 20 cmH20 - P<£>.01
25 cmH20 - P<0.02 25 cmH20 - P<0.02
50 cmH20 - P<0.01
Total
(0-150)
50 cmH 0 - P<0.01
2
TABLE 6 The pancreatic effects of pressure and their association
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Fig. 15A Normal rat pancreas (x 1^0).
Fig. 15B Normal rat pancreas (x 120).
Fig. 15C Severe oedema (x 120).
Fig. 15D Severe oedema (x 150).
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19A Normal duct and acinus.
1-9B Distended duct with extravasation after
pressure applied.
Discussion
This experimental work has emphasized the importance of pressure in
producing pancreatic damage. The preparation described gave reproducible
results at each of the pressures investigated. As discussed in the
previous chapter a volume of 50 jil was used in all studies to equate
with that volume likely to reflux in man. Measurement of pressure
within our system was difficult because of the small size of the cannulae
but with practice gave good results. We confirmed the accuracy of the
pressure measurements by comparison between two completely different
transducer system. The transducer/recorder method of measuring
pressure has many advantages over the manometric methods, not least the
rapid response of the system to small changes in pressure. When
injecting a constant volume into a closed system there will be variation
in the time of injection at the varying pressures with the higher
pressures requiring a shorter period of infusion. Thus at 10 cm HgO
the infusion required 5§ minutes and at 50 cm HgO, 3 seconds. Following
disconnection of the pump there was a steady fall in the intraduct
pressure presumably as a result of redistribution of duct contents and
escape of duct contents into the interstitium. The pressures evaluated
in this study were chosen as they are those likely to occur in the
physiological situation. The maximum pressure of 50 cm H^O may well
occur, as mentioned in the introduction, during retching and coughing.
We deliberately did not evaluate the grossly elevated pressures of
100 cm H 0 and above.
2
An initial study on a few rats gave fasting biliary (8 cm H^O) and
pancreatic (ll cm H2O) pressures in close agreement with previous
observations (Menguy 1958, Parry 1955). Whereas pancreatic pressure -
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was above biliary pressure most of the time (Q2%) there were episodes
of pressure gradient reversal (lQ% of the time). When a common channel
was created bile flowed into the pancreas after an initial period of
stability confirming the reports of Gamklou (l966), Herriott (l966)
and Hansson (1967). Thus, in the rat as in the dog (Hansson, 1967),
obstruction of the common channel can produce a reversal of the normal
pancreatico-biliary pressure gradient, i.e. the pancreas is more
sensitive to obstruction than the biliary secretory mechanism.
In these experiments the animals were allowed to recover with free
access to food and water. The results obtained therefore reflected
the effect of short term pressure on the pancreas in the relatively long term
setting. We investigated two periods of occlusion - short (5 mins) and
long (60 mins) - as temporary occlusion of the ampulla in man by a
gallstone may well be of such a time scale (Acosta 197^)- Occlusion
for 2b hours was not studied as the purpose of the experiment (i.e. pressure
effects) becomes lost in the obstructive changes produced in the pancreas
(Block 1955, Gamklou 1966).
Measurement of pancreatic gland weight ratios (PGWR) correlated closely
with the water content of the gland (P<0.00l), the total histology
score (P<O.OOl) and histological oedema. The values obtained in the
control animals (sham and control) were similar to those previously
reported (Richards 1964, Baba 1983a,b) confirming the validity of our
measurements. Increases in infusion pressure produced a corresponding
increase in PGWR with maximum values obtained at 50 cm HgO and with a
long occlusion time. The results, obtained by estimating the water
content of the gland (i.e. a direct measurement of the degree of oedema)
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were similar. In the control animal the water content of the
pancreas was constant at 68-70% (Aho 1983). This study showed
a marked elevation in water content with increased pressure reaching
maximum values of above 80%.
Serum amylase measurements do not reflect the degree of pancreatic
l<\ £V|V<.W0.
damage^( Ran son 1976, Imrie 1978, Berry 198l). The production of
pancreatic oedema by increased pressures has been accompanied by
raised serum amylase levels in previous j-eports (Schiller 197*+»
Mallet-Guy 1958). Damage to the pancreas, therefore, will raise
serum amylase levels but the degree of elevation is not proportional
to the degree of pancreatic damage. Indeed transient, and usually
harmless, rises in SA levels are often seen after ERCP examination
(Skude 1976) and these may well be due to a pressure effect.
Anderson and Schiller (1968) investigated microcirculatory dynamics in
the pancreas. They postulated that enzymes pass into a periacinar
space before being transported via the thoracic duct and portal vein
to the systemic circulation. Damage to the pancreas appears to
produce a release of amylase into the periacinar and interstitial
spaces. The amylase passes into the circulation via lymphatic
(Popper 19*+0) and vascular pathways (Howard 19*+9, Egdahl 1958). This
study demonstrated that the serum amylase levels were extremely variable
at the pressures studied with much overlap between groups. The maximum
values were obtained when the pressure applied was 50 cm H^O. Release
of amylase into the peritoneal fluid appeared to be a much better
marker of pancreatic damage. Amylase enters the peritoneal fluid by
passive diffusion from the pancreas and is normally not detectable. In
the present study peritoneal fluid amylase levels rose steadily with
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increases in pressure and were maximal at 50 cm H^O.
Histological assessment of the pancreas is the most useful way of
assessing pancreatic damage; it is the gold standard against which
other tests are compared. The histological results obtained in this
study were reproducible between two independent observers, an important
factor in eliminating observer bias. The changes observed in the
pancreas were essentially those of oedema, possibly as a result of the
known extravasation from the duct system. Indeed Herriott (1966) in
his study with Indian ink noted that extravasated ink was associated
with PAS (periodic acid Schiff) positive material. This positive
material appeared to be of intraductal origin supporting the concept
of duct leakage. In this study low pressures (<15 cm H^O) produced
no evidence of duct leakage and the pancreatic damage was minimal. At
moderate pressures (20, 25 cm H^O) histological evidence of oedema increased
in keeping with the known leakage from intercellular clefts. At high
pressure (50 cm HgO), when duct rupture was common,there was evidence
of gross oedema in the pancreas. In addition evidence of duct dilatation and
escape of ductal contents with associated inflammation became apparent.
At no pressure or occlusion time, however, did the histology score for
one gland exceed I i.e. mild pancreatic damage only. There was no evidence
of acute pancreatitis.
The pancreatic ducts are a relatively low pressure system. When the
pressure in the ductal system exceeds 20 cm H^O there is marked leakage
from the lumen through intercellular clefts confirming the observations
of Pirola (1970) and Gambill (1973). The studies of Anderson and
colleagues (1968) suggest that this leakage is a physiological phenomenon,
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i.e. a method of control of intraluminal pressure. The leakage of
normal duct contents produces interstitial oedema with later escape into
the vascular and lymphatic systems. At higher pressures still, un-
physiological duct rupture occurs with associated oedema. Pressure in
the duct system is important in the context of extravasation of duct
contents. If the duct contents are of a more toxic nature than the saline
used in these experiments it appears likely that acute inflammation
will result. Indeed as some toxic agents affect the permeability of
the duct wall (Konok 19^9, Reber 1979) leakage from the ducts might
occur at lower pressures than those described, thus giving more
credibility to the theory of duct leakage.
Finally it is our belief that careful control of pressure is an
essential prelude to a physiological study of acute gallstone pancreatitis.
Conclusions
1. Increasing pressure in the pancreatic ducts will produce duct
extravasation with oedema and elevated enzyme levels.
2. Leakage through intercellular clefts occurs at pressure of
20-25 cm H^O, and ducts rupture at higher pressures.
3. There is an important relationship between the pressures
in the biliary and pancreatic ducts.
U. Control of injection pressure (and volume) is an essential




BILE, INFECTION AND THE PANCREAS
Introduction
Interest in the role of "bile in acute gallstone pancreatitis has
remained high since the initial observations of Opie in 1-901. Opie's
first article (1901a) noted at autopsy a stone in the distal common
bile duct of a patient who had died of severe pancreatitis associated
with a pancreatic abscess. He reasoned that the stone had at one time
produced temporary obstruction of the duct of Wirsung causing pancreatitis.
In the context of the concept of migration of stones causing pancreatitis
(Acosta 197I+, Kelly 1976), it is more likely that the gallstone that was
responsible for the fatal pancreatitis had already been passed into the
duodenum, and that stones retained within the common bile duct pre¬
cipitated additional episodes of pancreatitis. His second publication
(Opie 1901b) reported a case of fatal haemorrhagic pancreatitis
associated with a stone that was impacted in the ampulla of Vater. He
reasoned that the impacted stone enabled bile to reflux from the common
bile duct into the pancreatic duct causing pancreatitis. It is more
likely that the temporary impaction of a gallstone in the ampullary
region causes regurgitation of bile into the pancreatic duct and a
permanent impaction as demonstrated by Opie occurs only rarely.
Opie's theory fell into disfavour for many years and it was not until
the important observations of Acosta (197^) and Kelly (1976) that




The amount of bile produced each day by man is estimated to vary from
500 to over 1200 ml, depending upon the method of collection, the amount
and type of diet, the state of hydration, and the influence of other
stimuli such as vagal stimulation, secretin, and the reabsorption of
acids. Normal hepatic bile contains about 97% water with an alkaline
pH of between 6.0 and 8.5; and a specific gravity of approximately 1.01+0.
The gallbladder concentrates bile six to ten fold by water absorption and
secretes mucin into the bile (approximately 20 ml/day). The bile
constituents are:- bile salts/glycine and taurine conjugates, phospho¬
lipids (lecithin), cholesterol, mucin, bilirubin/glucuronic acid, lipids,
electrolytes, vitamins and enzymes.
Pancreatic juice (Hermann 1979)
The amount of pancreatic juice produced daily by man varies from 700
to 2000 ml, depending upon the state of hydration, the health of the
patient, and stimuli to secrete pancreatic juice. Pancreatic juice
is a clear, watery secretion that is alkaline in pH (8.0 to 8.7) with
its consistency varying from a thin, watery fluid to a thicker, more
viscid fluid. The specific gravity ranges from 1.007 to 1.0^2. The
pancreatic juice constituents are:- electrolytes, glucose, protein, and
enzymes including amylase, trypsinogen, chymotrypsinogen, carboxy-
peptidases A & B, leucine aminopeptidase, trypsin inhibitor, lipase,
ribonuclease, deoxyribonuclease, elastase, collagenase and lecithinase
(Harper 1972).
Bile and the pancreas
The role of bile in the initiation of acute gallstone pancreatitis is
contentious. A recent pathological study by Foulis (1980) has
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demonstrated that the initial pancreatic damage observed in acute
gallstone pancreatitis is that of primary duct inflammation, with
subsequent inflammation and necrosis of the pancreatic parenchyma
surrounding the excretory ducts. This observation suggests that
gallstone pancreatitis is principally resultant on duct damage
following bile or duodenal reflux into the pancreatic duct system.
A critical review of the literature on the role of bile in pancreatitis
was written by Grossman in 1959. He was led to the conclusion that
pancreatitis, resultant on bile injection into the pancreatic ducts,
would only occur when the pressures used were great enough to cause
mechanical rupture of the acini. Indeed bile does frequently reflux
into the pancreatic duct without inducing pancreatitis (Taylor 1981,
Mosley 1981). Therefore, even if bile does reflux from the common bile
duct into the pancreatic duct under normal conditions, its composition
must be altered amongst patients with nonobstructive biliary disease to
cause pancreatitis on the basis of physiological reflux (Banks 1971).
Elliott and co-workers (1957s 1971) demonstrated that bile incubated
with pancreatic juice or trypsin was much more damaging to the pancreas
than bile alone. They postulated that the proteolytic enzymes of pancreatic
juice degraded a substance in bile (possibly mucoprotein) which modified
the ability of bile to penetrate and injure the pancreas. This theory
of mixing of bile and pancreatic juice had initially been proposed by
Popper (19^8). He found that Q3% of patients had- very high amylase levels
in gallbladder bile early in acute pancreatitis, whereas high amylase
was found in only 10% at elective cholecystectomy. Recent studies by
Nevalainen (1980) have suggested that this toxic mixture might be as a
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result of pancreatic phospholipase A2 acting on biliary lecithin to
produce lysolecithin.
The information resultant on numerous studies of bile toxicity on
the pancreas suggests that:
(i) Normal bile at low pressures produces little pancreatic
damage and probably never acute haemorrhagic pancreatitis when
injected into the pancreas
Cii] bile may reflux into the pancreatic duct without initiating
acute pancreatitis
(iii) acute pancreatitis at physiological pressures can only be
produced by mixing bile with other substances and then
infusing the mixture into the pancreas.
These observations therefore suggest that normal bile alone is
insufficient to cause pancreatic inflammation.
Bile and pressure
The toxic potential of bile following reflux from the common bile duct
into the pancreatic duct remains uncertain (Banks 1971)• Experimentally,
bile produces significant pancreatic inflammation when refluxed at high
pressures (Sum 1970, Rittehbury 1969, Gilsdorf 1967) but not at more
physiological pressures (Robinson 1963, White i960).
The experiments of Robinson and Dunpby (1963) have been much quoted as
an example of the inability of bile to produce pancreatitis at low
pressures. They used an experimental preparation in the goat by which
all the bile passed through the pancreas and thence into the bowel. The
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early changes produced in the pancreas were those of mild oedema,
ductal dilatation and minimal inflammation. Long term changes of
ductal fibrosis were apparent after several months. Even though
bile passed through the duodenum, and thus gained enterokinase,
there was no evidence of acute pancreatitis. This study confirmed
an earlier report of White (i960) that the normal pancreas presented
considerable resistance to damage by bile at low pressures. Animal
experiments have therefore shown that sterile bile alone is relatively
innocuous to the pancreas if the solution is delivered at a low pressure
(Mann 1923, White i960, Robinson 1963, Elmslie 1966, Keynes 1981).
When sterile bile is infused into the pancreas at elevated pressures
then pancreatic inflammation does occur. Blumenberg and Powers (1963)
anastomosed biliary and pancreatic catheters in dogs. They found that
retching increased the bile duct pressure to values in excess of those
in the pancreatic duct and that bile flowed into the pancreas. A
comparison of the relationship of biliary-pancreatic ductal pressure gradient
to the severity of pancreatitis showed the more severe pancreatitis to be
associated with a higher biliary-pancreatic pressure gradient. Similar
results were reported by Hermann and Khowles (1965) who importantly
emphasized that the biliary system of dogs is almost universally
contaminated with pathogenic organisms. Thus infection complicates these
studies (see later).
Gilsdorf and colleagues (1967) devised an ingenious way of studying the
effects of pressure and bile on the pancreas. They increased pancreatic
ductal pressures by autonomic stimulation of the hypothalamus and coeliac
ganglion. Pancreatic inflammation initiated by bile infusion was
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invariably more severe in those animals undergoing autonomic stimulation
with an attendant increase in mortality from 25 to 90%. In other
experiments (Keynes 1981) the main pancreatic duct when anastomosed
to the side of the common duct gave pancreatitis if the dogs were given
morphine with a rise in biliary pressures.
Similar experiments have been performed in rats by ligating the distal
bile-pancreatic ducts (Block 1955, Gamklou 1966, Wanke 1970). When
biliary pressure was increased by the administration of CCK or feeding then
acute pancreatitis developed in most animals.
Bile infused into the pancreas at high pressures causes acute
pancreatitis. This may be due to bile escaping from the ducts through
the previously described intercellular clefts or frank ruptures into
the interstitium of the pancreas. The possibility of these pressures
being generated in the physiological context has been considered in
the previous chapter.
"Pancreatitic bile"
Little is known about the composition of bile in patients with acute
gallstone pancreatitis ("pancreatitic"). The nature of bile is important
in consideration of either the bile-pancreatic or the duodeno-pancreatic
reflux theories of initiation. Indeed why should so many patients with
acute pancreatitis have gallstones and yet only 5% of patients with
gallstones develop pancreatitis (Schmidt 1976, Banks 1979, Braganza 1983);
the passage of a stone through Oddi's sphincter would promote reflux, but
reflux would cause pancreatitis only if the bile contained excessive
amounts or abnormal types of toxic substances.
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Hansson (1963, 1967) investigated free bile acids in acute
pancreatitis. He found free bile acids to be almost twice as toxic
for the pancreas as their conjugates and thus postulated that the
occurrence of free bile acids (normally present in insignificant
amounts in bile) in the bile might be of significance in the patho¬
genesis of acute pancreatitis. He found free (unconjugated) bile
acids in the bile of 10 of h5 patients with acute pancreatitis and 9
of k25 patients with gallstones only. Further study could find little
difference in the dihydroxy : trihydroxy ratio of the bile salts.
it
Hansson concluded that free bile acids did not infrequently occur in
ti
the bile in patients with acute pancreatitis. Furthermore, since free
bile acids were more toxic than their conjugates, bile containing free
bile acids would probably produce more severe damage to the pancreas
than bile of normal bile acid composition.
Banks (1971) considered that in health bile refluxed from time to time
from the common bile duct into the pancreatic duct without resultant
damage. When this bile contained "toxic" substances then pancreatic
damage might supervene.
Recent experiments by Sanfey (1983), Parks (1983) and Braganza (1983a,b)
have postulated that aberrant function of the hepatic mixed function
oxidases is the root cause of pancreatic disease. This aberrant function
is associated with biliary excretion of lipid peroxidation products,
toxic epoxides, carcinogens and free radicals. Factors that promote
reflux into the■pancreatic duct would increase the risk of pancreatic
disease only when the bile contains excessive amounts or abnormal types
of reactive intermediates.
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A review of the literature on the subject of "pancreatitic" bile
reveals major deficiencies in our knowledge and that suggests that
further study of such bile is warranted.
Infection, bile and the pancreas
In the early part of this century, infection was widely accepted as
a cause of acute pancreatitis, and Fitz (1889) who first described
acute haemorrhagic pancreatitis in man believed that acute pancreatitis
originated by extension of a gastroduodenal inflammation along the
pancreatic duct. There has been a lack of bacterial data in clinical
acute pancreatitis, on the assumption that the disease is a purely chemical
digestion of the gland. Hermann (1979) has suggested that gallstones
might cause pancreatitis by introducing bacterial infection into the
bile-pancreatic juice mixture. This could change the physiological
characteristics and chemical properties of both bile and pancreatic
juice and thus permit the flow of the incubated mixture into the
pancreatic duct system more readily under lower pressures.
There has been much study of the bacterial content of bile in patients
with various biliary tract and pancreatic diseases (Keighley 1978,
Lennette 1980, Chetlin 1971, Cox 1978, Delias 1977, Goswitz 1974,
Lou 1977, Dye 1978, L8tveil 1978). Although various routes have been
suggested for the transport of micro-organisms into the bile, the exact
mechanism by which infection occurs is not yet clearly elucidated
(.Scott 1967, 1971, Dineen 1964). It seems likely that infection of the
bile by transport of bacteria from the duodenum is the most plausible
hypothesis (Suzuki 1984, Jackman 1980), although the possibility of
haematogenous (Shou 1968, Scott 1967) or lymphogenous (Graham 1922,
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Byrne i960) transport of bacteria has also been emphasized. Patients with
gallstones have infected bile in up to 50% of cases (Taylor 1981,
Keighley 1978)• If the stones are in the gallbladder only then there
is at least a 30% biliary infection rate. When these stones are present
in the common bile duct then the infection rate rises to 70% (Keighley
1982). Accepting the gallstone migration theory suggests that the bile
of patients with gallstone pancreatitis may contain bacteria in a
significant proportion of cases. A recent careful study by Suzuki
and colleagues (198U) analysed transhepatic aspirated bile and produced
results more accurate than bile taken at operation. They found the
overall incidence of biliary infection in patients with bile duct stones
to be 90% and even higher (95%) in patients with a dilated bile duct and
t
ampullary stones. The most frequent bacteria isolated were E. coli,
Klebsiella, enterobacteria, proteus and mixed infection was common.
Moreover, simultaneously collected duodenal fluid showed a 86% coincidence
with intrahepatic bile in terms of positive or negative cultures. These
vvv^ex^Ho*.
studies have demonstrated that biliary bnotBraamia. is common in patients
with gallstones and almost universal when there is choledocholithiasis.
Thai and colleagues (1956) infused various suspensions of bacteria into
the pancreatic duct at pressures below U0 cm H^O. Acute haemorrhagic
pancreatitis occurred only with bacteria that gave an intradermal
necrotizing lesion with small vessel occlusion i.e., coliforms, Clostridia,
and staphylococci. The conclusion was that the pancreatitis and intradermal
necrosis resulted either from enzymes from the bacteria or their toxins
(Keynes 1980). Earlier experimental work by Flexner (1901) had shown
that intraductal infection of E. coli and pseudomonas gave pancreatitis.
E. coli itself has been shown to have mucolytic and cytotoxic effects on
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pancreatic ductal cells (Keynes 1981) and the bacterial production
of haemorrhagic pancreatitis appears usually to require infection
with particular bacteria capable of producing cytotoxins.
Acute gallstone pancreatitis has previously been associated with acute
cholecystitis. Acute gallbladder and acute pancreatic inflammation
appear to coexist in 10-20% of cases (ivy 1952, Blumenthal 1959). It
has been further shown that there are lymphatic pathways between the
gallbladder and pancreas (Weiner 1970, Gambill 1973) and that bacteria
could travel along this route. However, despite these observations
bacteria appear to have their most significant effect on the pancreas
through their occurrence in bile.
Poncelet and Thompson (1973) studied the effect of infected bile on the
feline sphincter of Oddi. The normal resting sphincteric resistance was
noted to be l4 cm H^O and this was unaltered by either normal bile or
conjugated bile salts. In contrast infected bile produced a 115% increase
(to 30 cm H^O) in sphincteric resistance and this was postulated to be due
to the production of unconjugated deoxycholic acid by bacterial action.
Pancreatic abscess is a rare but extremely serious complication of
gallstone pancreatitis. A review of the organisms responsible for this
infection shows that E. coli, Klebsiella, proteus and enterococci are the
most frequently found (Frey 1979, Camer 1975, Holden 1976, Kodesch 1973).
Whether these abscesses develop as a result of primary infection or
secondary superinfection remains debateable.
Further studies on the role of bacteria* in experimental acute
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pancreatitis have "been performed using the duodenal loop preparations
(Pfeffer 1959, Strack 1967, Williams 1968, Ferrie 1978, Keynes 1980,
Byrne 19Gb). Chetty and colleagues (1980) described a new model for
the production of acute haemorrhagic pancreatitis. They injected
infected bile into a closed loop and produced consistent severe pancreatic
damage indicating that a combination of pressure, bile reflux and
infection was markedly toxic to the pancreas. When antibiotics are
added to the duodenal loop, with subsequent control of the bacterial
component, there is a marked decrease in the incidence of haemorrhagic
pancreatitis.in dogs using the closed loop technique (Keynes 1980).
Keynes concluded that experimental interstitial pancreatitis resulted
from damage to the pancreatic duct system without infection, and
haemorrhagic pancreatitis occurred after reflux of bacteria into the
pancreatic ducts from the duodenum. Only bacteria such as E. coli and
Clostridia that produce proteolytic enzymes and cytotoxins appeared able
to cause haemorrhagic pancreatitis. He further demonstrated that in
haemorrhagic pancreatitis such bacteria were found in the pancreas, but
none were identified in interstitial pancreatitis. The author endorses
his conclusion that there is a great need for clinicians to consider the
bacteriology of acute pancreatitis more closely with duodenal aspirations
or endoscopy with pancreatic duct intubation.
Konok and Thomspon (1969) investigated the effect of bile and infection
on the integrity of the pancreatic ductal mucosa. They suggested that
the pancreatic ductal wall with its covering layer of mucus serves as a
protective barrier between the ductal contents and the pancreatic parenchyma
with a defect in this barrier being the earliest step in the evolution
of AGP. This idea formed the basis of the concept of a pancreatic duct
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mucosal barrier as described by Reber and colleagues (Reber 1979).
(see Chapters 8-12). Konok and Thompson (1969) found that the
pancreatic ducts were impermeable to normal bile and suspensions of
E. Coli at low pressures whereas they were considerably damaged by
bile infected with E. Coli. The infected bile appeared to show muco¬
lytic and cytotoxic effects far beyond those of the other' solutions
tested. Reber and co-workers (1979) demonstrated that the pancreatic
duct mucosal barrier was damaged by bile infected with biliary E. Coli
but not by bile infected with urinary E. Coli. Foulis (1980) has
further shown that a low pressure intraduct infusion of E. Coli admixed
with duodenal juice produces an initial lesion of severe duct inflammation
with necrosis of the duct wall.
Mizumoto and associates (1971) reported on the effect of bacterial
mucopolysaccharidases (p gluconidase, hyaluronidase) on the pancreatic
ducts. They hypothesised that the toxicity of infected bile might be
due to beta gluconidase produced by bacteria such as E. Coli. Sterile
bile and J3 glucuronidase given individually did not damage the pancreatic
ducts. In contrast their admixture produced disappearance of the thin
mucous layer and goblet cells of all the pancreatic ducts, and moreover
destruction of some ducts was associated with severe necrosis and round
cell infiltration of the pancreatic tissue. The enzyme ^-glucuronidase
also converts bilirubin diglucuronide to free bilirubin (Banks 1971,
Small 1968) but it appears unlikely that bilirubin itself is toxic to the
pancreas (Poncelet 1972).
Creutzfeldt (1970) has suggested that bacterial endotoxins can interact
with blood and trypsin to produce some factor which can cause haemorrhagic
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pancreatitis . This hypothesis was supported by Williams & Byrne
(1968) who reported E. Coli to contribute an endotoxin which reacted
with blood to produce haemorrhagic changes. It is of interest that
endotoxins from bacteria are now being isolated from the blood of
patients with severe acute pancreatitis (Keynes 198l).
Bacteria alter the chemical properties of bile. Infection in the
biliary tree converts all phospholipids to the lysolecithin form which is
known to be extremely toxic to the pancreas (Poncelet 1972) (see later).
Certain bacteria are known to be capable of deconjugating bile salts
e.g., bacteroides, streptococcus faecalis, Clostridia (Banks 1971 s
Gorbach, 19&9, Rosenberg 1969). Hansson (1967) extensively investigated
the ability of Clostridia and enterococci to hydrolyze the bile acids
in bile. Clostridia hydrolyzed most of the conjugated bile acids and
enterococci in one third of samples. He concluded that bacterial
hydrolysis of the biliary bile acids could occur in infection of the
biliary tract and this might have relevance in the context of free bile
acids being twice as pancreatotoxic as the conjugated variety. Keynes
(1980) reported that the toxic potential of infected duodenal fluid was
much reduced after bacterial filtration through, a Seitz filter suggesting
that both the bacteria themselves (endotoxins) and their exotoxins might
be important in producing pancreatic damage.
These observations on the role of infection and bile can be summarized as
(i) infected bile under the same physiological conditions is
much more toxic to the pancreas than sterile bile,
(ii) infected bile can produce severe pancreatic damage even at
very low pressures
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(iii) infected bile has cytotoxic and mucolytic properties that
damage the duct wall and increase its permeability.
Civ) infection may have a role in the conversion of interstitial
oedematous pancreatitis to the haemorrhagic form.
(v) bile and infection individually are much less toxic than
after incubation together, which suggests that infection
induced some change in the bile.
Cvi) infection may increase the toxicity of bile by deconjugating
bile salts, converting lecithin to lysolecithin, or by
producing exo and endotoxins.
Although the role of bile in the initiation of acute gallstone
pancreatitis has been the source of much debate there appear several
questions as yet unanswered. For instance, what is the physiological
role of bile at normal volumes and pressures in producing pancreatic
ductal damage? Do patients with acute pancreatitis have an altered
chemistry of bile? What role, if any, does infection have in the initiation
of gallstone pancreatitis? A summary of all the previously mentioned
observations appears to indicate
I. Sterile bile does not cause acute pancreatitis at
physiological pressures.
II. The chemical nature of bile in pancreatic disease remains
unknown.
III. Infected bile is extremely toxic to the pancreas.
These observations and the many unanswered questions prompted a study
of the effect of bile and infection on the pancreas. Further investigation





To investigate the role of the varying types of ""bile" and infection
in the pathogenesis of acute gallstone pancreatitis. The effects of
pressure and volume, alluded to in the two previous chapters were
carefully considered. This study attempted to produce standardized
lesions by a careful consideration of Elliott's postulates (l97l) and
the following factors were precisely controlled.
(i) pressure
(ii) volume and solution introduced
(iii) time during which it is applied
Experimental preparation
The experimental preparation described in figure 5 was used throughout
this study. A volume of 50 pi infusate was infused into the pancreas
at pressures of 15, 20, 25 and 50 cm HgO with cannula occlusion times of
5 or 60 minutes. The animals made a full recovery with sacrifice at
2k hours and assessment of pancreatic damage as previously described.
In this study a number of animals died within the 2k hour period and the;
animals all underwent post-mortem examination within an hour of death.
Infusates (No patient from whom bile was removed was receiving drug
therapy).
E. Coli solution
This solution was prepared by the department of bacteriology. An
Escherichia Coli suspension (from biliary organisms) was freshly
prepared 1 hour before use with normal saline to a strength of
10^ - 10^ organism/ml. Culture of the suspension confirmed the
viability of the organisms.
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Sterile bile ("standard" "bile) (mean pH = J.66, range J.^-J.6)
Choledochal "bile was taken at operation from 10 patients
undergoing elective cholecystectomy. None had had either a
previous attack of pancreatitis or were receiving antibiotics.
The bile was stored and used within 2b hours in all cases.
Immediately before infusion the bile was cultured and if positive
the results were discarded. Thus all the bile was sterile for aerobic
and anaerobic organisms as well as fungi and yeasts. Each specimen
of bile gave similar results.
"Pancreatitic" bile: (mean pH = 7-12, range 6.95*7-b)
Choledochal bile was taken from b patients undergoing cholecystectomy
for a recent (10-20 days previously) attack of acute gallstone
pancreatitis. In every case the pancreatitis appeared to have
settled before operation and no patient had received antibiotics
before surgery. The bile did not contain active trypsin or amylase
and cultures of bile were negative in each patients. The bile was
infused within 12 hours of collection and each "panereatitic" bile
specimen gave similar results.
Infected bile: (mean pH = 7.53, range 7.3-7-7)
Choledochal bile was taken from eight patients undergoing elective
cholecystectomy and exploration of the common bile duct for biliary
lithiasis. No patients had received antibiotics before the bile
specimen was taken. Culture of the bile gave growth of organisms;
(No anaerobes found), E. Coli only (b), E. Coli + proteus species (2),
E. Coli + Klebsiella ozonae (l), E. Coli + Streptococcus faecalis (l).
Each specimen was infused into the experimental preparation within
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12 hours of collection. There appeared to be little difference
between the effects produced by the 8 samples.
Bile from two additional patients contained pseudomonas pyocyanea
with E. Coli (l) or proteus mirabilis (l) organisms and was considered
separately.
Filtered bile:
Portions of infected bile from the eight patients mentioned were
passed through a bacterial filter (^.5 microns). All filtered
bile specimens were negative for bacterial growth and the size of the
filter enabled bacterial toxins (exo and endo-toxins to pass through.
The filtered bile was infused into the experimental preparation within
30 minutes of filtration. All samples gave equivalent results.
-79'
Re suit s (summarized in tables 7~10)
(1) E. Coli solution:
The results obtained from infusion of E. Coli solution into
the rat pancreas were very similar to those obtained using
saline only. At corresponding pressures and occlusion times
PGWR (fig. 20A), serum (fig. 20B) and peritoneal fluid
(fig. 20C) amylase levels were indistinguishable between sterile
and infected saline. The histology score (fig. 20D) was
greater with the E. Coli infusion when a pressure of 50 cm H^O
was employed (P<0.02). The microscopic changes were those of
oedema and increased inflammatory cell infiltrate, no doubt
as a result of escape of organisms into the intestinal fluid
from the duct ruptures produced at this high pressure. Again
there was no evidence of worse than mild pancreatic damage.
No animal died and no animal developed acute haemorrhagic
pancreatitis.
(2) Sterile bile:
All specimens gave very similar results. Macroscopically the
pancreas was enlarged with little inflammation but no haemorrhage.
A few fat necroses and a small amount of peritoneal fluid were
present. At all pressures the PGWR was significantly higher
than after saline infusion (P<.0.001) (fig. 20A) and at 50 cm H^O
of pressure the PGWR was 35$ above that of saline alone.
Likewise there were significant elevations in serum (P<0.02)
(fig. 20B) and peritoneal fluid (P<0.0l) (fig. 20C.) amylase
levels. The histological changes of mild to moderate pancreatic
damage were significantly greater than after saline alone (P<0.02)
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(fig. 20D). There was microscopic evidence (fig. 21A)
of acute inflammatory infiltrate with small areas of acinar
necrosis and mild duct inflammation. The changes seen were
most noticeable for the long occlusion time and at the higher
pressures. At pressures known to he associated with extra¬
vasation through intercellular clefts there was. only evidence of
mild to moderate pancreatic damage. The maximum damage occurred
at the high pressure with known duct rupture.
No animal died and only one (50 cm H^O pressure) developed
acute haemorrhagic pancreatitis.
"Pancreatitic" bile
The pH of "pancreatitic" bile (7.66; 7«5-7.8) was significantly
lower than sterile (7-66; 7-5~7.8, P<.0.00l) or infected bile
(7.53; 7.3-7-7, P<0.01).
The macroscopic appearances of the pancreas were consistent
with more severe pancreatic damage than that seen after sterile
bile infusion. There was more inflammation, several animals
had evidence of haemorrhage, a higher volume of peritoneal fluid
and larger areas of fat necrosis. The PGWR (fig 20A) was higher
at corresponding pressures and occlusion times than that of
sterile bile although this difference only reached statistical
significance at pressures of 20 and 25 cm HgO (P<0.01). Likewise
serum amylase levels tended to be higher (fig. 20B). Peritoneal
fluid amylase levels were significantly higher than those aftoc
sterile bile at pressures of 25 and 50 cm H^O (P<.0.02) (fig. 20C).
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The histological appearances at all pressures were significantly
different (P<0.01). The histology scores (fig. 20D) obtained
revealed moderate to severe damage at 50 cm H^O. These changes
were much more severe than those seen after sterile bile
infusion. Microscopically there was evidence of gross oedema,
inflammatory infiltrate, duct damage, acinar necrosis and
several glands showed marked haemorrhage (fig. 21B). The
mortality and haemorrhagic pancreatitis rates are shown in
table 11. Six animals developed acute haemorrhagic pancreatitis
of whom five died, further evidence of the increased patho¬
genicity of "pancreatitic" bile. All samples of "pancreatitic"
bile were similar in their effects.
Infected bile:
There was no difference between the effects produced by the
various coliform organisms and those with one or two bacterial
species isolated (except pseudomonas). Most glands examined showed
macroscopic evidence of acute haemorrhagic pancreatitis with
grossly stained ascites and fat necroses. The entire gland
(head and tail) was similarly affected. The PGWR was
significantly higher at all pressures than any other specimen
of bile, sterile or "pancreatitic" (P<0.00l) (fig. 20A). At a
pressure of 25 cm H^O the PGWR was 85% greater than E. Coli
solution, 66% greater than sterile bile and h8% greater than
"pancreatitic" bile. Both serum (P<0.02) (fig. 20B) and peri¬
toneal fluid (P<0.0l) (fig. 20C) amylase levels were significantly
higher than those with other "bile" samples. The histological
damage resultant on infected bile infusion was much worse than
-82-
with other "bile specimens. The histological score
demonstrated severe pancreatic damage at all pressures,
results significantly higher (P<0.01) (fig. 20D) than with
other infusates. Microscopic evidence of oedema, ductal
destruction, marked acinar necrosis and inflammatory infiltrate
in addition to haemorrhage from damaged vessels, was evident
(fig. 21B). Examples of duct damage are give in figures
22A-E. The mortality and haemorrhagic pancreatitis rates
at the vaiying pressures are demonstrated in table 11.
23A0 animals developed acute haemorrhagic pancreatitis of whom
21 died.
In the two specimens where pseudomonas was present in the
infected bile the pancreatic damage was remarkable in several
respects. All animals died within 16 hours and all had
fulminating acute haemorrhagic pancreatitis with haemorrhagic
ascites. Microscopically the most marked feature was vascular
destruction with haemorrhage throughout the gland.
Filtered bile:
All viable organisms were removed from the infected bile by
this process. However, the toxins produced and the secondary
effects on bile (e.g. deconjugation of bile salts) were not
affected. The macroscopic appearances were those of moderate
inflammation with a few fat necroses but very little evidence of
haemorrhage (i.e. much less severe than with infected bile).
PGWR's were significantly (P<0.00l) lower at all pressures
than infected bile although the values were still higher than
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sterile "bile (P<0.02) (fig. 23A). Both serum (P^.0.02)
Cfig. 23B) and peritoneal fluid (P<0.0l) (fig. 23C) amylase
levels vere reduced compared with infected bile to values
close to those obtained with sterile bile. Filtration of
infected bile significantly (PCO.Ol) (fig. 20D) reduced the
histological damage, although again the results- were more
marked than those of sterile bile (P<0.0l). Compared with
infected bile there was less marked haemorrhage, acinar
necrosis and acute inflammation. 7A0 animals developed
haemorrhagic pancreatitis of whom five died (table 11).
Thus, whilst filtration of infected bile significantly
reduced its pathogenicity, the pancreatic damage observed was
still much greater than of sterile bile. These results
suggest that the organisms themselves either release toxins
into the bile or alter the chemical composition of the bile
itself.
Results Summary
1. E. Coli solution produced pancreatic damage indistinguishable
from that after ordinary saline infusion.
2. Sterile bile at physiological volumes and pressures gave mild
to moderate pancreatitis.
3. "Pancreatitic" bile was significantly more toxic to the
pancreas than sterile bile.
Infected bile was markedly pancreatotoxic and produced a
high incidence of fatal acute haemorrhagic damage to the pancreas.
5. Filtration of infected bile reduced its pathogenicity. As
the damage observed was greater than that of sterile bile there
-8U-
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Fig. 21A Moderate pancreatitis (x 150)
Fig. 21B Severe haemorrhagic pancreatitis (x 150).
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Fig. 22A Normal duct (x 300).





Fig. 22B Ducts filled with acute inflammatory cells
(x lhO).
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Discussion
The rat is the only animal in which the large number of experiments
sufficient for statistical anlysis are feasible on economic grounds.
Furthermore the rat appeared to be an excellent animal for the study
of the effects of bile on the pancreas since the pathological changes
observed were similar to those described in man by Baggenstoss (1973)
and Banks (1979). The previously described methods of determining
pancreatic damage corresponded well together and appeared to be
sensitive indicators of this damage.
Infusion of a freshly prepared bacterial solution (E. Coli), with
proven viable biliary organisms, was little different to the infusion
of saline alone. Indeed the only difference observed, of more marked
histological change at high pressure, can be explained by rupture of the
ducts and escape of the bacteria into the interstitium with the resultant
inflammation. E. Coli bacteria alone have little effect on the pancreas
but require a substrate such as bile. These results are in agreement
with Mizumoto (1971) who found that ^-glucuronidase from E. Coli was
harmless alone but very toxic when added to bile. He showed that
^-glucuronidase alone produced a reduction of the thin mucus layer of
the pancreatic ducts, a feature not specifically examined in this study.
The author was unable to confirm the cytotoxic effects on pancreatic
ductal cells described by Keynes (1981) or the production of acute
haemorrhagic pancreatitis (Thai 1956).
Sterile bile collected from 10 patients undergoing elective chole¬
cystectomy was infused into the rat pancreas. The results obtained
showed that pancreatic damage at all pressures was more marked than
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after saline alone. At pressures, which were previously shown to "be
associated with extravasation through intercellular clefts, there was
only mild to moderate pancreatic damage. At higher pressures with
known duct rupture there was evidence of moderate damage but only one
animal developed acute haemorrhagic pancreatitis. These observations
confirm that sterile bile at low pressures does not cause'pancreatitis
(White I960, Robinson 1963, Banks 1971)• The results of high pressure
infusion of bile suggest that pancreatic inflammation can occur once
the bile extravasates from the duct into interstitial spaces below acinar
tissue (Banks 1971). Therefore significant pancreatic inflammation can
occur when sterile bile is -under pressure and these results support the
postulates of previous authors (Gilsdorf 1967, Sum 1970, Rittenbury 1969,
Keynes 1981).
The investigation of the toxic properties of bile from patients with a
recent attack of acute gallstone pancreatitis is a new concept, although
ideas of "toxic" bile have been previously hypothesised (Hansson 1967,
Banks 1971, Braganza 1983a,b, Parks 1983). The bile was obtained from
four patients undergoing early cholecystectomy for acute gallstone
pancreatitis. This "pancreatitic" bile appeared to have a lower pH than
either the sterile or infected bile and no previous author has commented
on this feature. However as the number of bile specimens tested was small
this observation deserves future clarification with much larger numbers
of specimens. "Pancreatitic" bile was more toxic to the rat pancreas than
sterile bile after infusion at corresponding pressures. Several animals
developed fatal acute haemorrhagic pancreatitis and this further evidenced
the increased toxicity of "pancreatitic" bile. It is tempting to postulate
several reasons for this increased pathogenicity. Possible explanations
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could be: a change in the bile acid pool or phospholipid concentration
or a relative change in their various constituents. The suggestion
of Braganza (1983a,b) of a toxic metabolite in the bile cannot be
discounted. As bile often refluxes into the pancreatic duct without
subsequent damage it may be that patients who develop acute gallstone
pancreatitis have an altered bile composition which produces the initial
ductal damage. This result is an original observation which opens up
possibilities' for future research. There is need for a full biochemical
and physical analysis of bile comparing the bile of patients with
pancreatitis with that of patients without pancreatic disease but with
gallstones. This analysis could explain why only 5% of patients with
gallstones develop acute pancreatitis.
This study has shown infected bile to be far and away the most toxic to
the pancreas. At all pressures most animals developed fatal acute
haemorrhagic pancreatitis and this suggests that infected bile damages
ductal epithelium and allows escape from the ducts independent to
pressure. These results are in agreement with Konok and Thompson's (1969)
observations on the cytotoxicity of infected bile to the pancreatic
ductal epithelium. E. Coli was the organism most commonly grown from
the samples of infected bile as reported by earlier authors (Suzuki 198^,
Keighley 1978, Lennette 1980). The pH of infected bile appeared to be
similar to that of sterile bile and was significantly higher than that
of "pancreatitic" bile. When the same bile was filtered, removing all
bacterial organisms, there was a. reduction in its toxicity, confirming
Keynes (198O) observations on the filtration of duodenal loop fluid.
The pancreatic damage observed, however, was still worse than that seen
with sterile bile. These results suggest that the toxicity of infected
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bile could be due to (i) the organisms themselves interacting with
bile and (ii) bacteria producing toxins (e.g., lecithinase,
^-glucuronidase) or altering the composition of the various biliary
constituents. The effect of infected bile on the pancreatic duct
mucosal barrier is discussed in Chapter 9. Bile infected with
pseudomonas organisms was extremely toxic to the pancreas' as all
animals developed a particularly haemorrhagic form of acute pancreatitis.
Pseudomonas produces elastase, an enzyme which has been implicated in
the production of vascular injury during human acute pancreatitis
(.Geokas 1968a,b, 1969» Wanke 1970). Further study of the role of
elastase and its relation to bacteria appears merited.
This study of the effects of bile and infection on the pancreas is
the first to take careful note of both the volume and pressure of
injection. Only when these two factors are carefully controlled
can extrapolation of the results of animal studies be made to the
clinical situation in man. Indeed many previous authors have made
definitive statements regarding the pathogenicity of bile to the pancreas.
A careful review of their experimental methods reveals that the pressure
of injection was too high or the volume grossly in excess of that
likely to reflux in man, making interpretation very difficult. Other
important points to consider when investigating the effects of bile
are that bile itself varies considerably between individuals and that
animal susceptibility varies within the same species. For these reasons
this study has used bile from a number of patients and
investigated its effect on groups of ten animals. This study also
fulfills the criteria of Elliott (1976) in producing meaningful lesions
in the pancreas whereby the pressure is controlled, a physiological
-89-
volume of solution is used and the time which the solution is applied
is carefully measured.
Conclusions
1. A bacterial solution of E. Coli was no more pathogenic than
saline to the pancreas.
2. Sterile bile produced pancreatic inflammation which was
only significant when the pressure of infusion was high.
3. "Pancreatitic" bile has unique properties that made it more
toxic to the pancreas than sterile bile.
U. Infected bile was extremely noxious to the pancreas at all
pressures.
5. Filtration of infected bile partly reduced its pathogenicity
suggesting a role for both bacteria and their toxins or a
change in biliary composition.
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CHAPTER VI
TRYPSIN, ENTEROKINASE AM) BILE SALTS AND THE PANCREAS
Introduction
Acute pancreatitis is considered to be a chemical autolysis of the
pancreas triggered by the activated pancreatic enzyme trypsin
(Ohnishi 198U). There is, however, conflicting opinion regarding
the role of trypsin, enterokinase and bile salts in the initiation of
acute gallstone pancreatitis. The theories of bile reflux via a
common channel and duodenal reflux both take cognisance of the
possible role of enterokinase, trypsinogen activation and bile salts
from bile or the duodenum in the pathophysiology of acute gallstone
pancreatitis.
Trypsin
Under normal conditions trypsin is produced by the acinar cell as a
pre-enzyme, trypsinogen, which requires activation by enterokinase
following its discharge into the duodenum. Trypsinogen exists as two
proteins of 225 and 228 amino acids with molecular weights of 23,000
and 25,000. They are both activated by hydrolysis of a terminal







^ trypsin inhibitory factor
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Trypsin is a particularly important enzyme asj apart from its role
in protein digestion, it is responsible for activating the other
pancreatic zymogens. Pancreatic juice also contains trypsin inhibitor
which is of fundamental physiological importance. There are two
inhibitors of trypsin present in pancreas. The first is the Kunitz
(1936) inhibitor which inhibits both trypsin in a l/l ratio and other
proteases. The second, and most important in man, is the "pancreatic
secretory inhibitor" which is present in relatively large amounts
(0.3 to 0.6 per cent of the total proteins of pancreatic juice)
(Desnuelle 1979).
When considering trypsin as the primary mediator of pancreatic
inflammation it is important to evaluate the mechanism by which this
protease is converted from precursor to active form (Beck 1962,
Anderson 1969). Fresh pancreatic secretions obtained from pure
pancreatic fistulas contain little or no proteolytic activity and
Anderson (1969) has postulated that trypsinogen is converted to an
active form when the enzyme passes into the interstitium of the
gland during periods of ductal obstruction. Since there are trypsin
inhibitors within the pancreas ana within pancreatic juice and trypsin
itself is not activated until it comes into contact with enterokinase
within the duodenum, consideration has been given to the concept that
reflux of duodenal contents into the pancreatic duct is essential for
the development of pancreatitis (McCutcheon 1968, Banks 1979). More
recently however, several studies have shown that pancreatic enzymes may
be activated without exposure to duodenal juice, and pancreatic juice of
patients with acute pancreatitis has been documented to contain active
trypsin, chymotrypsin and elastase (Geokas 197*0- The role of activated
trypsin in causing pancreatitis has been substantiated as active trypsin
-92-
has heen found within both the pancreas and pancreatic exudate
during experimental pancreatitis (Ohlsson 1975, Rao 1976, Herva 1970).
Thus trypsin can be activated under certain circumstances without
prior entry into the duodenum.
The effect of a retrograde injection of trypsin into the pancreatic
duct of experimental animals depends on the amount given (Creutzfeldt
1970). Small amounts lead only to transitory interstitial oedema
whereas large doses effect impressive morphological changes (Beck
196^). Anderson and colleagues (1969) from Toledo, Ohio have studied
the effects of enzymes on the pancreas. They postulated that enzymes
back-diffuse into the interstitium of the gland through minute clefts
between cells (as discussed in Chapter IV). When trypsinogen was
infused into the pancreas there was little resultant inflammation
whereas fresh active trypsin produced acute pancreatic inflammation
and the magnitude of pancreatic damage was related directly to the
amount of enzyme infused. Activated trypsin or chymotrypsin, infused into
the canine pancreatic duct, causes rapid accumulation of oedema fluid
in the interlobular spaces (Anderson 1962). The intensity of this
response appears to be dose-related; increasing amounts of trypsin
produce lesions of greater intensity, converting simple oedema to a
serosanguineous exudate or even gross haemorrhage.
Aho and co-workers (1982) studied the light and electron microscopic
characteristics of early pancreatic lesions produced by intraductal
injection of trypsin, using high pressures, volumes and supraphysiological
doses. The changes identified were these of: swollen cells, necrosis,
degeneration of nuclei and vacuolation of cytoplasm. These areas of
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necrosis were similar to those described after trypsin injection by
Beck (1971) and Baggenstoss (1973). Indeed Beck (1971) made careful
distinction between the cytolytic necrosis of trypsin and the coagulation
necrosis of bile salts. Trypsin may initiate pancreatic damage primarily
by activating elastase, phospholipase A and possibly Kallikrein rather
than by attacking normal pancreatic tissue directly. Intraductal
activation of trypsinogen and leakage into the interstitium might occur
when intraductal pressure rises.
The effects of trypsin inhibitors on the course of acute pancreatitis
have been the source of much debate since aprotinin (trasylol) was
introduced (Trapnell 197^> MRC study 1976). Recently Takasugi (1982)
and Ohnishi (198U) have demonstrated the efficacy of both synthetic
and naturally occurring trypsin inhibitors in ameliorating acute
experimental pancreatitis. They suggested that trypsin inhibitor might
act by preventing the chain reaction of activation of pancreatic enzymes.
In all these studies, however, trypsin inhibitor was given at the time of
induction of pancreatitis; a situation hardly pertinent in the human
clinical setting.
What then is the role of trypsin in inducing pancreatic damage? Low
dose trypsin infused intraductally gives oedema only, whereas a high
dose of the protease produces necrosis. Reflux of duodenal or biliary
constituents cause activation of the zymogen. An increase in intra¬
ductal pressure leads to extravasation into the interstitium where active
trypsin exerts its pathological effects. The effects of small physiological
doses of trypsin given, in a small volume at low pressure, on the pancreas
are to date unknown.
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Enterokinase
Human enterokinase is a large molecule with a molecular weight of
about 300,000 (Grant 1983, 1976). It is particularly resistant to
proteolysis (Grant 1976, Yamashira 1956) and is one of the most
heavily glycosylated enzymes known(Magee 1981). In man enterokinase
has been localised to the brush border of the enterocytes- lining the
duodenum and the first 10-20 cm of jejunum (Hermon-Taylor 1977,
Grant 1981).
Mann and colleagues (Hammond 1977) have demonstrated that injection
of active enterokinase into the canine pancreatic duct produces
hyperamylaseamia and acute pancreatitis. Inactivation of enterokinase or
administration of trypsin inhibitor prevented pancreatitis but not
the rise in amylase levels. The lowest concentration of enterokinase
which produced pancreatitis was 0.5% - equivalent to 1-2 ml of duodenal
fluid, which is a volume well within the range of possible duodenal
reflux. Mann (1979, 1969, 1977) further showed that intraductal injection
of 1% enterokinase into rats produced acute pancreatitis. He was careful
to control pressures to 8 cm HgO but used a volume of 1 ml, previously
shown to produce widespread ductal rupture.
Hermon-Taylor and associates (Grant 1981, 1979, 1983, Terry 1982,
1983) have postulated that the biliary excretion of catalytically active
enterokinase is the critical factor in the development of some forms of
acute haemorrhagic pancreatitis. They propose that an important event
in the aetiology of acute pancreatitis is the transfer into bile of
enterokinase, sequestered from the proximal small intestine into portal
blood, and have evidenced this theory by showing that animals with liver
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damage excrete two to four times more active enterokinase than normal.
Terry (1982) studied the combined effects of enterokinase and bile salts
in the development of murine acute pancreatitis. When either alone
were given little damage resulted whereas infusion of a mixture of both
resulted in a 100% mortality. This study used a relatively physiological
100 jil infusion. Unfortunately there was no record of intraductal pressure
but the values given suggest a pressure of 1+0-50 cm H^O with known duct
rupture.
These studies indicate that enterokinase infusion causes pancreatic
damage equivalent to that of activated trypsin injection. When entero¬
kinase is combined with bile salt there is a potentiation of its
pancreatotoxicity. The effects of physiological concentrations of
enterokinase given in small volumes at low pressure remain as yet uncertain.
Bile salts
It has been postulated that the direct cytotoxic action of bile might
be due to bile salts (Beck 1970, Reber 1979, Hansson 1967). The liver
produces the primary bile salts cholic (CA) and chenodeoxycholic (CDCa")
acid. These are subsequently converted in the bowel into the secondary
bile salts, deoxycholic acid (DOC) and lithocholic acid,.which are largely
reabsorbed and secreted unchanged in the bile. The concentrations of
bile salts in bile are summarised below.
primary
secondary
Bile Acid mol wt GB Bile duodenum
(cholic 1+10 1+0 mM 2.3 mM
(CDC 393 1+0 mM 2.3 mM
(Deoxycholic 393 16 mM 1.2 mM








In bile these bile acids are almost entirely conjugated with glycine
and taurine in a 3:1 ratio. Free bile acids are rarely found except
when bile is infected with bacteria capable of aeconjugation (Hansson
1967; see Chapter V). Hansson (1967) studied the effects of different
bile salts on the rat pancreas using the unphysiological volume of
1.5 ml. He showed that dihydroxy bile salts were U to 8 times as toxic
to the pancreas as were the trihydroxy salts and free bile salts were
twice as toxic as their conjugates. Since then there has been extensive
investigation of experimental pancreatitis using a variety of bile salt
preparations.
e.g. taurocholate - Aho 1980a,b, 1982, 1983, Lankisch 1983.
deoxycholate - Olazabal 1980, Greuter 1981.
glycodeoxycholate - Terry 1982, 1983.
Sum and colleagues (1970) investigated the possibility that bile might
induce pancreatitis through the physicochemical detergent properties
of its bile salts (Hoffmann 1965, Davenport 1968). As bile and bile
salts produced similar lesions to those of the detergent sodium lauryl
sulphate, they suggested that the toxic action of bile and bile salt
was due to their anionic detergent property; an important factor in the
early pathophysiology of bile induced pancreatitis. Bile acids in
concentrations normally found in bile are destructive to pancreatic cells
(.Creutzfeldt 1970, Hansson 1967). According to Beck (1971) this is a
detergent action producing coagulation necrosis. Bile acids may further
liberate minute amounts of active trypsin and they serve as activators
of phospholipase A (Creutzfeldt 1970).
Aho and associates (l980a,b) carefully studied the effects of sodium
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taurocholate on the rat pancreas. Injection of 200 of sodium
taurocholate produced acute haemorrhagic pancreatitis and the mortality-
increased with the amount of bile salt injected. Pancreatic lesions
were immediate and characterized by interstitial oedema, extensive
necrotic changes in the acinar cells and haemorrhages during the first
2b hours after the injection. The first histological change in acute
bile salt- induced pancreatitis was dissolution of the duct walls, with
destruction of adjacent lobules. These investigators demonstrated that
the presence of a bile salt within the duct system of rat pancreas could
initiate a disease with gross and histopathological changes corresponding
to those seen in human acute pancreatitis (Baggenstoss 1973). Aho (1980b)
further examined the pancreatic damage by means of electron microscopy.
The earliest cell injury response (l minute after injection) was
characterized by the complete dissolution of cellular membranes and a
granular appearance in the cytoplasm, changes attributed to the detergent
action of the bile salt. Later changes indicated enzymatic autodigestion
of the acinar cells. These studies can be criticised for the large
volume of infusate and the very high pressures used as in these conditions
there is complete duct disruption and extravasation into the interstitium.
Thus, whilst bile salts are indeed toxic to the whole pancreas, their
major toxicity is by way of detergent action on ducts and cell membranes.
This effect on the duct will be studied later in relation to the
"pancreatic duct mucosal barrier".
Heuman (1980) has recently shown that bile from patients with cholesterol
gallstones contains relatively more deoxycholates (19.k%+8.6%) than that
of control patients (lk.1%+6.0%) whereas the proportions of cholic and
chenodeoxycholic acids remain relatively constant. Indeed it has been
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proposed that alterations in the chemical composition of gallbladder
bile may play some role in the pathogenesis of acute cholecystitis.
The nature and relative proportions of bile salts in patients with
acute gallstone pancreatitis remains uncertain.
Several conclusions can be drawn from these studies on bile salts.
(i) bile salts act as detergents with an immediate membrane
tonicity to the duct walls.
Cii) Different bile salts have differing toxicity to the pancreas
i.e. DOC > CDC > OA. Free bile acids are even more toxic,
(iii) Patients with gallstones have differing bile salt
concentrations in their bile. The nature of "pancreatitic"
bile is unknown.
(iv) Injection of bile salts causes acute haemorrhagic
pancreatitis, although the volumes and pressures hereto
used have been unphysiological.
Trypsin and Bile salts
A mixture of trypsin and bile salts is extremely toxic to the pancreas
(Elliott 1971, 1968, 1957, Elmslie 1966, Orda 1980, Doerr 1965). Elliott
and colleagues (1957), in a classic study reported from Ohio State
University, evaluated alterations in the pancreatic resistance to bile
in the pathogenesis of acute pancreatitis. They found that bile or
pancreatic juice alone produced moderate to pancreatic damage. A fresh
mixture of these two fluids was slightly more toxic. When, however,
bile and pancreatic juice were incubated for 12 hours there was a marked
increase in toxicity; more could be infused into the pancreas at a given
pressure and there was a 100% mortality from haemorrhagic pancreatitis.
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It appeared as though bile had undergone a fundamental change during
its incubation with pancreatic secretion. Furthermore^trypsin alone was
capable of producing the same changes as pancreatic juice, and the most
toxic mixture was a 1:1 ratio of the two fluids. In the context of a
gallstone causing temporary obstruction of the ampulla of Vater such
mixing might occur.
In contrast to these findings Anderson and associates (1958) demonstrated
that a combination of trypsin and bile salts did not appear to produce
a lesion in any way superior to that observed when bile salts alone
were used. Elmslie (1966) determined whether a "physiological" volume
of bile and tiypsin would affect the pancreas when introduced into the
duct. He reviewed earlier reports on the production of fatal pancreatitis
by the injection of solutions into the canine pancreatic duct and found
that the volumes employed were over six times the capacity of the adult
dog pancreatic tree - i.e. the production of pancreatitis by these
methods appeared to have no application in the pathogenesis of the human
disease. His experiments demonstrated that a fresh mixture of dog
gall-bladder bile and human trypsin was as effective as bile alone in
producing pancreatitis. The role of trypsin and bile salt, when admixed,
in the pathogenesis of acute gallstone pancreatitis remains unclear.
Most experiments to date have used volumes and pressures grossly in excess
of those likely to occur in the physiological setting.
What conclusions can we draw from these various studies on the role of
trypsin, enterokinase and bile salts in the pathogenesis of acute gallstone
pancreatitis?
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I. Trypsin and enterokinase alone produce oedematous change only.
II. Bile salts are primarily attackers of membranes and may have
an important early role in the initiation of gallstone
pancreatitis.
III. Mixtures of trypsin, enterokinase and bile salts are probably
more toxic than when each is given alone.
There are many "grey areas" in this field and our knowledge of the
role of these three compounds in the pathogenesis of AGP remains sketchy.
Indeed, what effect do these compounds have on the pancreas when given
at physiological volumes and pressure? These observations prompted us
to study the effects (at physiological volume and pressure) of trypsin,




To establish the role of trypsin, enterokinase and bile salts,
individually and in combination in the pathogenesis of acute
gallstone pancreatitis. The effects of pressure and volume were
carefully assessed.
Experimental preparation
The experimental preparation described in fig. 5 was used throughout
this study. A solution containing trypsin, enterokinase or glyco-
deoxycholate was infused into the pancreatic duct at varying pressures
of 15, 20, 25, 50 cm H^O. Cannular occlusion in this experiment was
for 5 minutes only. The animals made a full recovery until sacrifice
at 2b hours with pancreatic damage being assessed by gland weight,
serum and peritoneal fluid amylase levels and the histology score.
Groups of eight rats were used throughout the experiment.
Solutions: (50 ul volume used throughout).
Trypsin. (Sigma, T-86U2, from bovine pancreas; 12,100 BAEE units/mg
protein) (SeAigl arcyXlvt. esfcr)
A fresh solution was made up by adding trypsin to sterile 0.9% saline
to give a concentration of 300 u trypsin/50 jil saline. The activity of
trypsin was tested before use by its action on BANA (Huttenen 1973).
( argr\lire CV\U id-c)
Enterokinase: (Sigma, E-1256, from procine intestine; 8.3 units/mg
protein; 1 unit activates O.O65 mg trypsinogen per hour at pH 5.8 at
5°C (Kunitz 1939)). A fresh solution was made up before each experiment
by adding enterokinase to 0.9% saline. The concentrations of
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enterokinase was either high (200 pg/50 pi) or low (200 ng/50 pi).
Glycodeoxycholate (GDC): (Sigma, G-3258, sodium salt, mol. wt. 1*71.6).
A 10 mM solution was freshly prepared before each experiment by adding
glycodeoxycholate to 0.9% saline.
combinations
(i) glycodeoxycholate (10 mM) + enterokinase (200 ng)
in 50 pi saline.
(ii) glycodeoxycholate (10 mM) + trypsin (300 u) in
50 pi saline.
(iii) trypsin (300 u) + enterokinase (200 ng) + glycodeoxycholate
(10 mM) in 50 pi saline.
All combination solutions were freshly prepared before use.
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Results (summarized in tables 12 to 15).
Trypsin
Immediately on injection the pancreas became extremely oedematous
but no haemorrhage was noted. All animals survived to 2k hours. At
sacrifice the macroscopic appearances were those of marked oedema
with a moderate quantity of ascitic fluid and a few fat necroses. The
appearances were those of mild to moderate pancreatitis. At all pressures
the PGWR was significantly higher than with saline infusion alone
(P< 0.01) and the highest PGWR was obtained at a pressure of 50 cm H^O.
Serum amylase levels were similar to those of saline infusion whereas the
peritoneal fluid amylase was significantly elevated at pressures of
20 cm H^O and above. The histological changes produced by trypsin
infusion were more marked (P<0.0l) than those of saline. There was
evidence of moderate oedema with inflammatory cell infiltration although
little acinar necrosis and no haemorrhage or duct damage were apparent.
In no animal was there evidence of acute haemorrhagic pancreatitis.
Trypsin therefore gave a moderate oedematous or interstitial pancreatitis
with the most marked changes noted at higher pressures of infusion.
Enterokinase (high and low dose)
Infusion of high dose enterokinase produced moderate pancreatic oedema
within 2-3 minutes; low dose produced little effect. All animals survived
to 2k hours and appeared to be well at that stage. At sacrifice the
pancreas of the low dose infusion group had a macroscopic appearance
indistinguishable from that of saline only i.e. moderate oedema and
little peritoneal fluid. High dose enterokinase produced moderate oedema
with peritoneal fluid and several fat necroses. No haemorrhage was seen.
-1(A-
The PGWR was significantly higher for enterokinase infusion at all
pressures than saline alone. The most marked differences were seen
with the high dose. The gland weights obtained with the high dose
enterokinase infusion were very similar to those of trypsin alone.
Serum and peritoneal fluid amylase levels were not significantly
elevated with a low dose of enterokinase. In contrast high dose
enterokinase produced marked (P<O.Ol) elevations of both PFA and SA.
The changes in peritoneal fluid amylase were of a similar magnitude
to those seen with trypsin whereas serum amylase levels were twice
as high. Low dose enterokinase produced histological evidence of
moderate oedema only; of a more marked degree than saline alone (P<0.02).
High dose enterokinase produced severe oedema with a minimal inflammatory
infiltrate. In no animal were there duct changes, evidence of acinar
necrosis or haemorrhage.
High dose enterokinase produced pancreatic damage of a similar magnitude
and character to that seen after trypsin infusion.
glycodeoxycholate (GDC)
Infusion of glycodeoxycholate solution produced changes of a different
nature to those seen after trypsin and enterokinase. All animals survived
to 2b hours. On injection there was little obvious signs of pancreatic
damage in contrast to the immediate oedema produced by trypsin and
enterokinase. At 2b hours mild to moderate pancreatitis was noted with
the most marked changes being those of oedema, ascites and fat necroses;
little haemorrhagic change was seen. The PGWP was markedly elevated
compared with saline alone (P<0.001) and the values obtained were .
similar to those seen after trypsin or high dose enterokinase infusion.
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The highest PGWR was seen with a pressure of 50 cm H^O. Both serum
and more noticeably peritoneal fluid amylase levels were elevated.
Histological assessment of the pancreas revealed evidence of mild to
moderate pancreatic damage, with little increase in the damage with
increased pressure. The changes seen were those of marked inflammatory
infiltrate, moderate oedema, acinar necrosis and duct inflammation. There
was little evidence of haemorrhage and no animal developed acute
haemorrhagic pancreatitis. The microscopic appearance of pancreatic
damage was completely different to that seen with trypsin or entero-
kinase. Whilst trypsin and enterokinase produced predominantly oedema,
with minimal inflammation, GDC gave duct inflammation, acinar necrosis
and a marked inflammatory infiltrate.
Enterokinase and glycodeoxycholate
Immediately on injection of GDC and enterokinase moderate oedema was
produced. Ho animal died or developed acute haemorrhagic pancreatitis
within the 2k hour period. At sacrifice the macroscopic appearances were
those of moderate pancreatitis with marked oedema, ascites and fat
necroses and these appearances were far worse than those seen after
enterokinase alone and more severe than after GDC alone. When the
markers of pancreatic damage were assessed fully these differences became
less marked as only the serum amylase showing an increase over GDC infusion
alone. Histology after 50 cm H^O pressure infusion showed moderate
pancreatic damage with microscopic evidence of inflammatory cell infiltrate,
oedema, duct inflammation and acinar necrosis. These changes were very
similar in character and magnitude to those seen with GDC infusion alone
indicating that the addition of low dose enterokinase did not appreciably
increase the toxic potential of glycodeoxycholate.
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Trypsin and glyeodeoxyehol ate
Severe oedema was noticed immediately after infusion of 50 yil of this
solution at all pressures. Again all animals survived to 2k hours and
none developed acute haemorrhagic pancreatitis. At sacrifice there was
moderate pancreatitis with marked oedema, fat necrosis and ascites.
There was no consistent difference in the pancreatic damage observed
compared to either GDC or trypsin given individually with only moderate
elevations in serum and peritoneal fluid amylase. The histological
changes were those of oedema, inflammatory infiltrate, acinar necrosis
and duct inflammation, i.e. a combination of enterokinase and trypsin
effects. Therefore when trypsin and GDC were infused in combination
the resultant pancreatic damage was not increased but was rather a mixture
of the two effects.
Trypsin and enterokinase and glycodeoxycholate
This mixture produced severe damage to the pancreas and several animals
developed acute haemorrhagic pancreatitis. No animal died before sacrifice
although several rats appeared to be in a poor clinical, state. Two to
three minutes after infusion the gland became intensely oedematous with
haemorrhages and evidence of red and swollen ducts. At sacrifice there
was marked pancreatic damage with multiple fat necroses, severe ascites,
gross oedema and haemorrhages. The appearances were those of moderate to
severe pancreatic damage. The PGWR was significantly elevated (P<0.0l)
at all pressures and both serum (P<0.02) and pancreatic fluid (P<0.0l)
amylase levels were greater than those obtained after the previous infusions.
The histological features were those of marked oedema, acinar necrosis,
inflammatory infiltrate, duct damage and haemorrhage. The histological
score obtained was twice as high as with the other infusions at all
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pressure (P<0.00l). Acute haemorrhagic pancreatitis or severe
pancreatic damage is compared with pressure in this table.










Infusion of a mixture of glycodeoxycholate, trypsin and enterokinase
produced severe damage to the pancreas. Although this damage was most
severe at high pressure there was a significant number of animals who
developed haemorrhagic pancreatitis at moderate and even low pressures.
Results summary (table 16).
1. infusion of trypsin and enterokinase produced pancreatic
oedema.
2. bile salt (GDC) infusion gave duct inflammation, acinar
necrosis and an inflammatory infiltrate.
3. combinations of GDC with enterokinase or trypsin produced a
mixture of effects without, however, a marked increase in
pancreatic damage.
^4. a mixture of GDC/enterokinase/trypsin was toxic to the pancreas
and many animals developed haemorrhagic pancreatitis.
5. these results were dependent on pressure with maximum damage
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These experiments have vindicated the policy of only studying pancreatic
infusates when given at physiological volume and pressure, and we "believe
that the pathological changes resultant on such experimental conditions
may well have relevance in the pathogenesis of acute gallstone pancreatitis.
In this study trypsin infusion alone, at concentrations used "by Anderson
et al (1969), produced immediate oedema of the gland. At 2b hours the
appearances were those of oedematous pancreatitis with the degree of damage
proportional to the pressure of infusion. These results are in keeping
with the earlier studies of Anderson (1962, 1969) who noted the rapid
accumulation of oedema fluid after trypsin injection. The
of trypsin used in this study produced moderate damage to the pancreas
although the toxic effects of larger doses (.Creutzfeldt 1970) were not
studied. Active trypsin appears to produce oedematous pancreatic damage
when given under these "physiological" conditions. There was little
evidence of acute inflammation and no acinar necrosis, duct changes or
haemorrhage. Trypsin escapes from the duct via intercellular clefts
(moderate pressures) or duct ruptures (high pressures) into the inter-
stitium where it has a limited pathological effect, possibly due to the
presence of trypsin inhibitor.
Enterokinase has recently been the source of much discussion, especially
by the researchers from St Georges Hospital, London (Grant 1983, 1981;
Terry 1982, 1983). This study investigated the effects of both low dose
(200 ng) and high dose (.200 p.g) enterokinase on the rat pancreas. The
importance of having previously studied the effects of pressure and saline
alone became obvious when the limited pathological changes of low dose
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enterokinase were evaluated. Low dose enterokinase produced damage only
marginally worse than that of saline alone with moderate oedema at the
higher infusion pressures. In contrast high dose enterokinase produced
severe oedema with a mild inflammatory infiltrate - changes corresponding
to those of trypsin infusion. No animal developed haemorrhagic pancreatitis
results similar to those of' Terry (1982). Earlier experiments using
enterokinase infusion have produced acute pancreatitis (Mann 1979,
Hammond 1977, Mann 1969, 1977), "but these studies are not comparable
as large volumes of concentrated enterokinase were given at high pressure.
Enterokinase produces oedematous pancreatic damage only, with the changes
produced being related to the pressure of injection and concentration of
enterokinase.
Glycodeoxycholate (GDC) was chosen for a study of the effects of bile
salts on the pancreas for several reasons: (a) in man the glycine:taurine
ratio is 3:1, (b) deoxycholate is the most active bile salt, and
(c) patients with gallstones have elevated deoxycholate levels in bile.
The bile salt concentration of 10 mM used in this study is similar to
that seen in the common bile duct of man (Reber 1979, Carey 1970) and is
less than the 3^ mM concentration used by Terry and associates (1982,
1983). Injection of GDC into the pancreatic duct produced little immediate
change as opposed to the immediate oedema after trypsin and enterokinase.
Moderate pancreatic damage was observed at 2k hours which was of a
different nature to that seen after trypsin and enterokinase. GDC
produced duct damage, acinar necrosis and an inflammatory infiltrate,
changes suggestive of a detergent action on cell membranes. These changes
re-emphasize Reek's (1971) observations of the two types of pancreatic
damage i.e. the production of oedema by trypsin and coagulation necrosis
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by bile. Importantly no animal developed acute haemorrhagic
pancreatitis as a result of GDC infusion alone. The changes produced
by GDC were exacerbated by pressure, an observation later discussed in
detail in connection with the "pancreatic duct mucosal barrier".
A combination of GDC and enterokinase produced moderate pancreatic
damage, little worse than after bile salt alone. These results, although
not strictly comparable with those of Terry (1982, 1983), demonstrated
no obvious increase in the pathogenicity of bile salts when active
enterokinase was added. Similarly a mixture of trypsin and GDC produced
moderate pancreatic damage, the histological appearances being those
of trypsin and bile salts alone. Elmslie's (1963, 1966) observations
appear to be correct i.e. a fresh mixture of bile salt and trypsin,
given at physiological volumes and pressures, is no more pathogenic
than bile salt alone.
Infusion of a trypsin, enterokinase and bile salt mixture caused a
marked increase in pancreatic damage. This mixture resembles the fluid
found in closed loop experimental preparations (Orda 1980, Pfeffer 1957,
Nevalainen 1975» Durst 1971» Rao 1981, Chetty 1980, Ferrie 1978), which
consistently produce acute haemorrhagic pancreatitis. Infusion of this
mixture of substances, at presumptive physiological concentrations,
volumes and pressures, produced severe acute pancreatitis with many
animals having the acute haemorrhagic form. Duct extravasation of bile
salts, active trypsin and enterokinase might initiate the cascade of
enzymes (.Creutzfeldt 1970, Durr 1979) and overcome the protective action
of trypsin inhibitor. This hypothesis was evidenced by the increased
incidence of haemorrhagic pancreatitis with pressure as higher pressure
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with its attendent greater extravasation of duct contents was
associated with more severe pancreatic damage.
This study has demonstrated the difficulty in producing severe
pancreatitis when all variables are controlled within the physiological
range. Bile salts, tiypsin and enterokinase given alone produce only
mild to moderate pancreatitis and only when a mixture of all three is
infused do animals develop acute haemorrhagic pancreatitis. The results
obtained have emphasized the role of pressure: at low pressures
(15 cm HgO) only mild damage occurs; at moderate pressures (20, 25 cm H^O)
with leakage through intercellular clefts moderate damage results and
at high pressure (50 cm H^O) with known duct rupture marked toxicity
ensues. The effects of pressure, previously studied with an inert
saline solution, are more pronounced when the duct contents are toxic.
Although it might be argued that our occlusion time of 5 minutes was too
short, we are of the opinion, in the context of gallstone migration,
that this time is more representative than total occlusion for 2k hours.
Conclusions
(1) Trypsin and enterokinase alone produced oedematous
pancreatitis.
(2) Bile salts gave moderate pancreatic damage.
(3) A combination of glycodeoxycholate, enterokinase and trypsin
was extremely toxic to the pancreas.
(b) All the above effects were closely related to pressure. High
pressure was accompanied by more severe changes.
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CHAPTER VII
PHOSPHOLIPASE AND LYSOLECITHIN MP THE PMCREAS
Introduction
For many years trypsin and the other pancreatic proteases were
considered to he completely responsible for the auto-digestive changes
in acute pancreatitis. Recently, however, there has been considerable
interest concerning the possible role of pancreatic phospholipase A
in both the initiation and autodigestion of acute pancreatitis.
Phospholipase A^ (PLAg)
Phospholipases are hydrolytic enzymes of quite widespread occurrence in
nature (Nevalainen 1980). Four types of phospholipase have been described
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Phospholipid
Phospholipases C and D are mostly found in bacteria. PLA is labile to




membrane bound (active at neutral pH and require Ca for action; or in
2+
lysosomes (active at acidic pH, don't require Ca ) (Blackwell 1983,
Nevalainen 1980, de Haas 1965). Phospholipase A^ is the enzyme most
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frequently studied of the two (PLA^ and A^) in connection with acute
pancreatitis, since it is easily separable from other pancreatic enzymes
owing to its heat stability (Nevalainen 1980). Phospholipase is
present in pancreatic tissue and juice almost exclusively as an enzymatically
inactive precursor (Arnesjo 19^7, Nevalainen 1980, Creutzfeldt 1970,
Aho 1982). This pro-phospholipase A^ is converted into active PLA^
by trypsin with the splitting of 7 amino acids from the zymogen molecule
(Wanke 1970). PLA2 consists of 123 amino acids with a molecular weight
of 13,900.
The richest sources of PLA^ are snake venom (cobra), bee venom and
mammalian pancreatic tissue - man, ox, rat, horse, pig, guinea pig
and sheep. Compared with the animal species that have been investigated,
the human pancreas contains large amounts of this enzyme (Zieve 19&3,
Creutzfeldt 1970, Nevalainen 1980) with 10 to 20 times higher concentrations.
There are several specific requirements for the enzymatic activity of
PLA^. Pancreatic PLA2 is inactive in the absence of bile salt and Ca^+
and is optimally active at pH 8.5 to 9.0 (Nevalainen 1980). PLA^
is synthesized as an inactive precursor by pancreatic acinar cells,
liberated to pancreatic juice after stimulation of the gland and secreted
for digestive purposes into the duodenum. Activation occurs in the
duodenum. Its main action is on phospholipid thus:
PLAg
phospholipid Lysophospholipid + Fatty acid.
As phospholipids are the main lipid constituents of cellular membranes
(Nevalainen 1980) active PLA^ has a direct cytotoxic action.
The intraductal instillation of PLAg alone does not induce pancreatic
damage and the damage only becomes significant if small amounts of bile
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salts are present (Nevalainen 1980, Wanke 1970, Schmidt 1969).
Furthermore, whilst PLA^ given at high pressure will induce severe
pancreatic damage, the same PLAg at low pressure produces only
negligible pancreatic toxicity (Banks 1970, Anderson 1969). Anderson
and colleagues (1969) investigated the effects of PLA^ on the canine
pancreas. After high pressure infusion of a large concentration of the
enzyme they demonstrated immediate changes in the gland with inevitable
acute haemorrhagic pancreatitis. These changes were much more severe
than those seen after trypsin or chymotrypsin infusion.
Aho and Nevalainen (1982) carefully studied the early pancreatic lesions
ulfiv bile
induced by murine intraductal injection of PLA^^. The histological
changes were those of early (15 minutes) necrosis of acinar cells and
later (3 hours) vacuolation of the cytoplasm. On electron microscopy
early injury of cells was demonstrated with vesiculation of the endo¬
plasmic reticulum - at 3 hours the cells were extensively damaged. The
most significant change observed after PLA^ infusion was widespread acinar
necrosis. Indeed Aho (1982, 1980c) postulated that PLA^ was perhaps the
key enzyme in acute pancreatitis. This postulate becomes more probable
in the light of the finding of PLA^ in pancreatic tissue, peritoneal fluid
and peripheral blood of dogs with acute pancreatitis (Nevalainen 1980).
Moreover, PLA^ ^as now ^een demonstrated in the peritoneal fluid and
serum of patients with acute pancreatitis (Tykka 1980).
PLA^ can be inhibited by several substances e.g., EDTA, zinc, lead,
antimalarials, several antibiotics and local anaesthetics (Tykka 1980).
Use has recently been made of these observations in the treatment of
acute pancreatitis with promising results (Tykka 1980).
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Pancreatic PLA^ is found in large amount in the human pancreas.
Once activated it may damage the pancreas either through a direct
attack on membrane phospholipids or through formation of lysolecithin
from lecithin in bile (Boyle 198L).
Lysolecithin
Phospholipids are second only to bile salts as a major component
of bile, having a concentration of 1 to 6 mg/ml in hepatic bile and
10 to 58 mg/ml in concentrated gallbladder bile (Haslewood 1968,
Poncelet 1972, Martin 198l). In man 95$ of the phospholipids are
lecithins (phosphatidyl choline), primarily palmitoyl - -
oleyl-lecithin (Poncelet 1972). Active PLA2 in the presence of bile
?+ •
salts and Ca 10ns selectively removes the J3 1 fatty acid from the
lecithin molecule to give lysolecithin (Nevalainen 1980). This reaction
is very rapid and occurs normally in the duodenum with 100$ of the
bile lecithins being converted to lysolecithins. It could also occur
in the biliary tree (Poncelet 1972). In vitro bile lecithins are
completely converted to lysolecithins by pancreatic juice in a period
of three to four hours (Schmidt 1969). Lysolecithins as a group are
very toxic to cellular membranes and their toxicity is directly proportional
to their saturation and the chain length of their constituent fatty acid
(Poncelet 1972). Most studies with lysolecithins have been concerned
with their action on red blood cell membranes, to which they are extremely
damaging (Boyle 198^, Poncelet 1972, Reeman 1967), and it is well
established that lysolecithins are extremely cytotoxic.
Arnesjo (_1971) studied the formation of lysolecithin in rat pancreas
following experimentally induced bile salt pancreatitis. He found
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that following injection there was a progressive conversion of rat
pancreatic lecithin to lysoiecithin - more marked in necrotic areas
of the gland. In contrast however, Papp and co-workers (1973) could
jjewscro-k'c
find no increase in lysoiecithin after canine^injection of bile salt.
Their results cast considerable doubt on the validity of the assumption
that lysoiecithin is responsible for pancreatic injury during the
early phases of acute experimental pancreatitis. Notwithstanding this
finding there is now a weight of evidence which implicates lysoiecithin
in the early stages of acute pancreatitis (Nevalainen 1980, Aho 1982).
Reflux of bile or duodenal juice into the pancreatic duct provides
a substrate (lecithin) for lysoiecithin formation by active PLA^.
Poncelet and Thompson (1972), from Montreal, studied the action of
bile phospholipids on the pancreas. They injected lysoiecithin into
the rat pancreas and evaluated pancreatic toxicity at one to four days.
In their study lysoiecithin produced pancreatic necrosis and interstitial
bleeding at concentrations of 6 mg/ml and above. They concluded that
lysoiecithin was very toxic to the rat pancreas when infused at
concentrations well within the levels of lysoiecithin found in human
bile. Unfortunately, however, their study used a 1000 pi infusion
at 25 cm HgO, which we have previously shown to be associated with gross
duct rupture, and therefore the pathophysiological relevance of their
observations remains uncertain.
Recently Aho and Nevalainen (1982) induced lesions in the rat pancreas
by injecting 200 pi of 2.5% (25 mg/ml) lysoiecithin into the ducts. The
changes observed occurred very quickly after injection (15 minutes) and
were similar to those of PIUU infusion (see earlier). The most noticeable
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change appeared to be that of acinar necrosis. Again this study can
be criticized for using a supraphysiological volume with no pressure
recordings.
Lysolecithin is a naturally occurring detergent which can break down
mucus structures and is directly toxic to membranes (Martin 1978,
Kellavay 1977)• Indeed the presence of lysolecithin in the stomach
has been implicated in the pathogenesis of peptic ulceration (Martin
1981, Johnson 1974, Boyle 1984, Lawson 1964, Silen 1976, Davenport
1970, Kivilaakso 1978, Duane 1980). These membrane or barrier
breaking properties have been investigated at length later in this
thesis and are described in Chapter XI.
Several conclusions can be drawn from these reports.
2+
1. Phospholipase A^ requires bile salts and Ca , both found
in bile, to be active.
2. Phospholipase A^ acts on bile to produce lysolecithin.
3. Active phospholipase and lysolecithin are toxic to
membranes and can cause acute experimental pancreatitis.
4. There is no evidence that either phospholipase A^ or
lysolecithin when given in physiological concentrations, volumes
and pressures is pancreatotoxic.
5. Whilst the role of phospholipase A and lysolecithin in the
initiation of acute pancreatitis remains speculative, their




To investigate the effects of lysolecithin and phospholipase Ag on
the rat pancreas. The 50 pi volume was used as previously described
and note was taken of the pressure of injection.
Experimental preparation
A 50 pi solution containing phospholipase A^ or lysolecithin with or
without bile salt was infused into the rat pancreas (fig. 5) at
pressures of 15, 20, 25, 50 cm R^O. Cannula occlusion was maintained
for 5 minutes only. The animals made a full recovery until sacrifice
at 2k hours. Groups of 8 animals were studied.
Solutions
Phospholipase Ag. (Sigma, P-9139 from porcine pancreas suspended
in 3.2M CNH^) S0^ solution pH 5.5: 680 units/mg protein: 1 unit
hydrolyzes 1.0 umol of L-o( phosphatidyl choline to L- <klys©phosphatidyl
choline and a fatty acid per minute at pH 8.0 at 3T°C). A fresh solution of
phospholipase (PIA^) was prepared by adding PIA-, to sterile 0.9% saline
to give a concentration of 25 u PLA,_,/50 pi. This concentration is similar
to that studied by Aho (1982).
Phospholipase A-, and bile salt.
A fresh solution was prepared by adding glycodeoxycholic acid
(Sigma, G-3258) to phospholipase A2 in saline to give a final concentration
of PLA^ 25 units and GDC lOmM in a 50 pi volume.
Lysolecithin. (Sigma, L-l+129, L-oC phosphatidyl choline, egg yolk -
type I or Sigma L-525^, L-okphosphatidyl choline palmitoyl).
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A fresh solution of lysolecithin was prepared by adding L-^phosphatidyl
choline to sterile 0.9% saline to give final concentrations of 1%
(10 mg/ml) or 2.5% (25 mg/ml). As the two different lysolecithins used
gave equivalent results^only the L-(Xphosphatidyl choline was studied
in depth. The concentrations of lysolecithin chosen were those known to
occur in human bile (Poncelet 1972, Haverback 19&0, Martin 1981, Aho 1982).
Lysolecithin and bile salt.
Glycodeoxycholic acid (Sigma, G-3258) was added to a 1% lysolecithin
solution to give a final concentration of glycodeoxycholic acid 10 mM,
lysolecithin 1%.
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Resiilts (summarized in Tables IT to 20).
Phospholipase A .
Infusion of PLA^ produced no immediate change in the pancreas.
There was no significant difference in pancreatic damage from saline
only, as assessed by PGWR, serum and peritoneal fluid amylase levels,
and histology score at 2k hours. At sacrifice the glands showed oedema
only. The only histological abnormality was that of pressure related
oedema as reported earlier after saline infusion.
Phospholipase A and bile salt.
Infusion of a mixture of PLA^ and GDC produced immediate oedema in
the pancreas at all pressures. No animal died within the 2k hour period.
At sacrifice pancreatic damage was significantly (P<0.0l) worse by all
H parameters than saline infusion alone at all pressures. The macro¬
scopic appearance was that of moderate pancreatitis with oedema, fat
necrosis, ascites with a few small haemorrhages. Pancreatic damage
assessed by PGVR and amylase levels, correlated with pressure with maximum
changes observed at 50 cm H^O. A comparison of the pancreatic damage
s
with that described (see previous Chapter) after GDC alone revealed
only a subtle increase in pancreatic damage - both PGWP (P<0.02) and
serum amylase (P<0.01) were increased but not peritoneal fluid amylase
or the histology score. The histological changes observed after PLA^/GDC
infusion were not related to pressure as at low, medium and high pressures
the appearances were similar. The microscopic features noted were those
of marked acinar necrosis and moderate oedema, duct changes and inflammatory
infiltrate. No animal developed acute haemorrhagic pancreatitis. Indeed
analysis of the histology score revealed mild to moderate pancreatic
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damage only.
Thus, addition of phospholipase to "bile salt, whilst not appreciably
altering the degree of pancreatic damage, does change the histological
picture to one of widespread acinar necrosis.
Lysolecithin.
Pancreatic infusion of lysolecithin produced immediate oedema at
pressures above 20 cm HgO. Pancreatic damage at all pressures was
markedly worse than after corresponding saline infusions; PGWR (P<0.001),
SA CP <0.02), PFA (P<:0.0l) and histology score (P<0.0l). A comparison
of the two concentrations (1$ and 2.5%) 0f lysolecithin revealed that a
2.5% solution produced more marked pancreatic damage, especially noticeable
at the higher pressures. At 2b hours all animals were alive although
several who had received 2.5% lysolecithin were in a poor clinical
condition. At sacrifice the macroscopic appearance in most animals was
that of moderate pancreatitis with oedema, fat necroses and ascites.
Three animals had evidence of haemorrhage into the gland and these had
received a 2.5% solution at 50 cm H^O pressure. The histological features
observed were more apparent in the glands of animals who had received a
2.5% lysolecithin infusion. The microscopic appearance of the glands
was that of marked acinar necrosis, moderate oedema and inflammatory
infiltrate and mild duct changes and haemorrhage. One animal, who had
received a 2.5% infusion at 50 cm 1^0 was classified as having histological
severe or acute haemorrhagic pancreatitis.
Lysolecithin in presumptive pathophysiological concentrations was toxic
to the pancreas at all pressures of injection. The major changes seen
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in the pancreas were those of acinar necrosis and inflammatory infiltrate.
Lysolecithin and bile salt.
Injection of a mixture of lysolecithin and glycodeoxycholate produced
immediate oedema with a few small haemorrhages in the pancreas. No -
animal died within the 2h hour period although the clinical state of
a number of animals was poor at sacrifice. At sacrifice the macroscopic
appearance of the gland was that of moderate to severe pancreatic
inflammation (the most severe changes seen in the pancreases of animals
who had received an infusion at 50 cm Ho0 pressure), with oedema, fat
necroses, peritoneal fluid and haemorrhage. In tables IT to 20 the
damage produced by a lysolecithin/GDC mixture has been compared to that
of equivalent concentrations of GDC or lysolecithin alone. The PGWR
was significantly higher in those animals receiving lysolecithin/GDC
than those receiving GDC (P< 0.01) or lysolecithin (P<0.05) alone. At
low pressures (15, 20 cm H^O) the differences were maximal. Likewise
both serum and peritoneal fluid amylase levels were higher in those
animals who had received lysolecithin/GDC than GDC (SA: P<0.02) or
lysolecithin (SA: P<0.01, PFA: P<0.0l) alone. Again these differences
were maximal with low pressure infusion. The histological features
of animals receiving a pancreatic infusion of lysolecithin/GDC mixture
were those of severe acinar necrosis, moderate oedema and inflammatory
infiltrate, mild duct changes with occasional haemorrhagic foci. Two
animals developed acute haemorrhagic pancreatitis, one each at infusion
pressures of 25 and 50 cm I^O. A comparison of the histological score
with either GDC or lysolecithin revealed that the changes were more severe
than with either alone (P<0.01, P<0.02 respectively). There appeared
to be little change in the histology score with pressure. A mixture of
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lysolecithin/GDC produced changes of a similar degree to that seen
with FL/^/GDC together.
Therefore, in this study, a mixture of lysolecithin and "bile salt
at physiological concentrations was more toxic to the pancreas than
either lysoleclfchin or bile salt alone. The main histological change
was that of acinar necrosis and the changes were less dependent on
pressure than previously studied compounds.
Summary of results
1. Phospholipase A alone was not toxic to the pancreas. When
combined with bile salt, the active mixture produced moderate
pancreatic damage.
2. Lysolecithin was toxic to the pancreas and this toxicity was
increased when lysolecithin was combined with bile salt.
3. Pressure was less important in determining the degree of
pancreatic damage when lysolecithin or phospholipase A^ was
infused.
The main histological feature produced by phospholipase A^
and lysolecithin was acinar necrosis.
5. At these volumes and pressures acute haemorrhagic pancreatitis
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Discussion
This study has been the first to evaluate the toxic potential to
the pancreas of lysolecithin and phospholipase (PLA^) when given
at presumptive physiological concentrations, volumes and pressures.
Indeed^all of the earlier work concerning the role of PIA^ and lyso¬
lecithin in the pathogenesis of acute pancreatitis has used volumes
of fluid which we have shown to consistently produce ductal rupture.
As reflux of these volumes is not possible in the clinical setting
we have used a 50 pi volume throughout these experiments. In addition,
careful consideration was given to the pressure of injection as this
could well be relevant in the light of the previously described ductal
extravasation.
In considering bile or duodenal reflux as likely initiators of acute
gallstone pancreatitis both phospholipase A^ and lysolecithin have potential
importance. Bile contains large quantities of lecithin (Poncelet 1972,
Nevalainen 1980), the natural substrate for PLAg. When bile refluxes
into the pancreatic duct the enzyme PLA^ becomes active affer contact
with bile salts and Ca^+ and acts on lecithin to form lysolecithin
(Schmidt 1969). In the presence of infected bile virtually all the
lecithin is present in the lyso - form (Poncelet 1972), an observation
which might be an important cause of the previously demonstrated toxicity
of infected bile. In the duodenum,PLA acts on the lecithin of bile to> 2
produce lysolecithin. This lysolecithin is not toxic to the duodenum but
when refluxed into the pancreatic duct it can exert its toxic effects.
PLA^ is an enzyme with a pH optimum of 8.5~9.0, values which are normally
found in bile and duodenal juice. Thus the enzyme PLA^ and its toxic
product lysolecithin could cause pancreatic damage through either duodenal
-125-
or bile reflux.
In this study pure PL/^ (at a concentration of 25 u/50 pi) was non
toxic to the pancreas, confirming the earlier observations of Schmidt
(1967), Wanke (1970) and ArnesjiJ (1971 )• In vitro PLA^ is inactive in
the absence of bile salt and calcium when lecithin is used as the
substrate (ArnesjiJ 1970). PLA^ solution produced changes in the pancreas
indistinguishable from those of corresponding infusions of saline.
We were unable to confirm the findings of Aho (1982) who found acinar
necrosis after infusion of pure PLA^ (the same enzyme as in this study).
However, the experiments are not strictly comparable since he was using
200 pi of enzyme without attention given to pressure.
When PLA^ and glycodeoxycholic acid (GDC) were infused together much
more severe damage occurred than after PLA^ alone. A comparison with
the known pancreatic toxicity of GDC alone revealed only a slight increase
in pancreatic damage with the PLA^/GDC mixture. However, when PLA^
was added to GDC the histological picture was very different - acinar necrosis
became marked. These histological changes did not appear to be related
to infusion pressure, indicating that the PLA^/GDC mixture was toxic to
the "pancreatic duct mucosal barrier" (Reber 1979). The findings of
marked acinar necrosis when active PLA^ was infused into the pancreas
are similar to those observed by Aho (1982). This report suggests that
PLA^ and GDC leave the duct, either by pressure induced extravasation or
by direct toxicity to the duct integrity, and pass into the interstitium
where active PLA^ is free to exert its toxic effect on acinar cells.
There are several chemical types of lysolecithin which differ in their
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fatty acid chains. This study investigated the effects of L-
phosphatidyl choline and its palmitoy! conjugate and found their
pancreatotoxicity to he veiy similar. This is in keeping with their
comparable degree of saturation and chain length of the constituent
fatty acid (Reeman 1967, Poncelet 1972). The concentrations of lyso-
lecithin studied {l% and 2.5%) were well within those known to occur
in the human biliary tree or duodenum (Boyle 198*1, Poncelet 1972,
Aho 1982, Nevalainen 1980). At these concentrations lysolecithin
has been shown to damage gastric mucosa and be possibly responsible for
gastric ulceration (Boyle 198*1, Davenport 1970, Silen 1981, Martin 1981).
To date, however, the direct toxicity of lysolecithin to the pancreas
under physiological conditions remains uncertain. This study investigated
the toxicity of lysolecithin on the pancreas as a whole and in chapter XI
its effect on the "pancreatic duct mucosal barrier" is evaluated. Lyso¬
lecithin was responsible for moderate pancreatic damage with more severe
changes noticed after infusion .of the 2.5% solution. This toxicity was
apparent at all pressures and suggests a direct effect on membrane
permeability. The microscopic appearance in the gland was that of marked
acinar necrosis and acute inflammatory infiltrate as previously described
by Aho (1982) and in addition, one animal developed acute haemorrhagic
pancreatitis. Therefore lysolecithin, at physiological concentrations,
volume and pressures was toxic to the pancreas.
Both lysolecithin and bile salt are strong naturally occurring detergents
(Helenius 1975) that have direct membrane toxicity. A mixture of these
two compounds would therefore be expected to have marked toxicity to the
a,
pancreas. Indeed this was the case after infusion of^mixture of 1%> lyso¬
lecithin and 10 mM GDC, concentrations well within the range found in bile
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and duodenal fluid. Although no animals died within the 2k hour period
the poor clinical state of several indicated severe acute pancreatitis.
At sacrifice there was indeed macroscopic evidence of acute pancreatic
inflammation with several glands showing acute haemorrhagic changes.
When the markers of pancreatic damage were compared with those after
bile salt or lysolecithin infusion alone several interesting features
became apparent. There were significant elevations in PGWE, amylase
levels and the histology score and these differences were maximal at
low pressures. It appeared that a GDC/lysoleeithin mixture was almost
independent of pressure for its toxic effect. This independence from
pressure was previously demonstrated by infected bile and to a lesser
extent "pancreatitic" bile, lysolecithin alone and a PLA^/GDC mixture.
The greater detergent activity of these infusates could be the reason
for this observation. Microscopic examination of the pancreas after
lysolecithin/GDC infusion revealed moderate to severe pancreatic
inflammation with marked acinar necrosis, oedema and inflammatory
infiltrate. Acute haemorrhagic pancreatitis was observed in two of the
32 animals studied {6.2!). Thus the toxicity of lysolecithin was
increased when in combination with bile salt. This observation might
have relevance in the context of duodenal or biliary reflux into the
pancreatic duct.
Conclusions
1. Active phospholipase A^ produced moderate pancreatic damage.
2. Lysolecithin was toxic to the pancreas. When combined with
bile salts there was a marked increase in toxicity.
3. Both phospholipase A^ and lysolecithin produced severe acinar
necrosis and this indicates a direct cytotoxic action.
-128-
1+. As pressure is much less important in determining pancreatic
damage, these natural detergents might well act by altering
duct permeability (see later).







THE PANCREATIC DUCT MUCOSAL BARRIER AND
PANCREATIC DUCT INTEGRITY
Although the pathogenesis of acute gallstone pancreatitis continues to
perplex present investigators, a weight of evidence now exists which
indicates that the primary pathology may occur in the pancreatic
ducts themselves (Steer 198^, Reber 1979a). Reflux of bile or duodenal
contents into the pancreatic duct following passage of a gallstone
through the ampulla of Vater is probably the originating mechanism.
Following initial damage to the pancreatic duct, extravasation into
the interstitium occurs and may progress to the enzymatic autodigestion
so typical of acute pancreatitis. The amount of damage to the duct
epithelium may be dependent on the following factors;
CiJ constituents of bile,
(ii) constituents of duodenal juice,
(iii) the nature of pancreatic fluid,
(iv) the pressure within the duct,
(v) the amount of reflux,
(vi) the presence or absence of infection,
(vii) intrinsic defence factors within the duct itself.
The effect of these factors on duct integrity may hold the key to
understanding the pathogenesis of gallstone pancreatitis. The concept
of pancreatic duct integrity is new and is a logical development in
thought from that of the "gastric mucosal barrier".
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Gastric mucosal barrier
The inherent resistance of the gastric epithelium to autodigestion by acid
and pepsin has puzzled physiologists for many years. Hunter (1772)
killed a number of different animals at varying times after they had
eaten and noted that, after death, the stomach wall was digested. He
concluded that the dead stomach was no longer capable of resisting the
digestive juice it had produced, whilst the living stomach had a barrier
to protect itself from the effects of gastric acidity. Hollander (195*0
proposed the concept of a gastric mucosal barrier to be composed of 2
integrated structural units, namely a layer of viscous mucus and a
layer of tall columnar cells. He further conceived that the gastric
mucosal barrier was not a static structure, but a truly dynamic system
in which its two components were constantly being subjected to forces of
destruction and replacement. The term "gastric mucosal barrier" is synonymous
with the work of Davenport. He described a series of experiments in
which he studied a variety of agents that altered the permeability or
"damaged" the gastric mucosal barrier and thus allowed H* ions to diffuse
rapidly from the gastric lumen (Davenport 1968, 1970a,b, 1972). Amongst
the agents capable of damaging the barrier were short chain fatty acids,
aspirin, ethanol and bile salts and it appears that damage to the barrier
occurs within minutes of topical application of these substances
(Morris 198*+). Skill man (1970) further demonstrated that ischaemia or
shock damaged the barrier.
The precise anatomical description of the gastric mucosal barrier remains
elusive. Silen (1977) concluded that the gastric mucosal barrier is not
one specific anatomical structure, but rather a dynamic ever-changing
capacity of the stomach to withstand injury or ulceration. A consideration
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of the factors involved in mucosal defence "by the stomach is relevant
in the context of the later discussion of the pancreatic duct. Surface
protection of mucous membranes generally involves both acquired specific
and innate non-specific defence factors, often functioning in intimate
co-operation (Valnes 198U). Gastric epithelium is normally protected
by mucin in combination with an efficient germicidal acid barrier. The
surface epithelium is lined with a thin layer of a viscous mucus gel
(Sarosiek 198U). The protective functions of this mucus depend strongly
on the ability of its protein, glycoprotein, and lipid components to
provide a highly hydrated mixing barrier capable of modulating the
effects of various noxious agents. Damage to the gastric mucosal barrier
is accompanied by solubilization and depletion of the mucus glyco¬
proteins and glycolipids. Gastric mucosa also secretes HCO^ ions into
the mucus, which may act as local buffering agents (Williams 1980).
It has been further suggested that the columnar cells themselves or the
tight junctions between cells represent the anatomical barrier
(Davenport 1970b). Recently^Valnes (198U) has suggested that secretory
immunoglobulin A antibodies and secreted lysozyme and lactoferrin, which have
a broad spectrum of antibacterial properties, might be important in
mucosal protection.
The gastric parietal cells secrete hydrogen ions in a concentration
g
10 times greater than that in blood and extracellular fluid. Despite
this enormous concentration gradient, H"1" ions diffuse from gastric juice
into the mucosa only slowly due to the "gastric mucosal barrier". Studies
on impairment of this barrier have enabled a better understanding of
the mechanisms of peptic ulceration.
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Pancreatic <i.uct mucosal barrier (PMB)
The pancreas secretes an alkaline juice with bicarbonate ions in
concentrations five to six times higher than in blood. It has been
suggested that the pancreatic duct may also possess a barrier to back
diffusion, but in this case the contained ion is HCO~. Secretin
stimulation of the pancreas evokes the secretion of a fluid rich in
_l_ '
Na and HCO^. This HCO^ containing fluid is secreted by cells in the
fine ducts and acini of the pancreas and flows into the larger ducts.
During maximal secretin stimulation, the HCOj in the main pancreatic
duct reaches 1^0-150 mM, while the HCO~ in the plasma is only 20-30 mM.
The pancreatic juice, therefore, contains solute at concentrations
greatly different from those in interstitial fluid and blood.
Several attempts have been made to investigate ionic movement across the
main pancreatic duct by perfusing solutions of known composition along
isolated segments. In the rabbit pancreatic duct Reber and
collaborators (1969) found that at low flow rates a simulated pancreatic
juice lost HCO^ and gained CI- whereas at high flow rates the con¬
centration changed little. In the cat pancreas, Case et al (1969)
found a similar loss of HCC^ and a gain of CI when simulated pancreatic
juice was perfused through the main duct. By application of Fick's
law of diffusion they showed that this occurred by a passive process of
exchange diffusion. Thus both CI and HCO^ concentrations in the final
pancreatic secretion are dependent on the rate of secretion:
At a low secretion rate pancreatic juice contains a high CI
and a low HCO^ concentration.
At a high secretion rate low CI and high HCO^ concentrations
are found.
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In contrast the cations (K+ and Na+) remain at a constant concentration
at all rates of secretion (Case 1979). Although ductal diffusion of
anions permits a secondary modification of electrolyte composition,
the duct HC0~ concentration is always higher and the CI- concentration
lower than the corresponding blood levels. These observations prompted
Reber (1979) to suggest that the pancreatic duct possessed a mucosal
barrier that impaired HCO~ and Cl~ diffusion across the duct wall. This
is shown diagrammatically in fig. 2k. Moqtaderi and co-workers (1972)
published data that supported the concept of a PMB. They found the rate
of perfusion of the canine pancreatic duct related to HCO~ and Cl~
diffusion. When EDTA, a calcium chelating agent, was added there was
a marked increase in anionic diffusion, implying that calcium was an
integral part of the PMB stability.
Mosley and associates (1979) investigated transductal potential difference
(pD) as a method of determining barrier integrity. The transductal pD in
the cat pancreas (0 to -k.3 mV, lumen negative) was related to the
difference in HCOj between the perfusate and the blood. They felt that
the pD represented a HCO^ concentration gradient across the duct .
The transductal potential difference of the pancreas is
different to the pD used in assessing gastric mucosal barrier integrity,
since the gastric mucosa is an actively secreting membrane and the resting
stomach maintains a pD of -30 mV across the mucosa (Silen 1977). There
is no evidence for active secretion by the main pancreatic duct and the
pD across the resting duct is zero (Mosley 1979).
Like the gastric mucosal barrier, the precise anatomical location
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studied the permeability of the pancreatic duct to various ions
and postulated that ion diffusion occurred at the tight junctions
between cells rather than through epithelial cells. It appears that
pancreatic duct epithelium is quite leaky (Case 1979). The
paracellular pathway (quick movement) through junctional complexes,
rather than the transcellular pathway (slow movement) is postulated
to be the major route for passive ion permeation (Case 1979). The PMB
is not an anatomical entity but rather a combination of factors that
prevent free ionic movement across the duct wall. The duct wall
itself has several important features: (i) mucus lining the cells,
(ii) columnar cells, (iii) tight junctions, (iv) intercellular clefts,
and (v) basement lamina, which may play a role in preserving duct
integrity.
The importance of the mucus layer in maintaining pancreatic mucosal
integrity has only recently been recognized. There are four types of
mucus secreting epithelial cells in the pancreatic duct of man
(Roberts 1972). These cells are located in different positions in the
ductal system - types I, II, III in smaller ducts and types II, III,
IV in larger ducts. The mucin of small ducts contains sulphated mucus
and sialomucins and the mucin of larger ducts sialomucins and neutral
glycoproteins. This change in mucins may reflect the ability of the
ducts to resist digestion by pancreatic enzymes. Considering the
presence of a barrier against back diffusion of bicarbonate ions and a
possible protective effect of the mucus against pancreatic enzymes the
mucins of the pancreatic duct may play a more important role than ever
expected (Kodama 1983). Further evidence of the vital role of mucins in
affording mucosal protection has been produced by Konok and Thompson
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(1969) and Mizumoto (1971 )• They demonstrated that the pancreatic duct
mucosal barrier was broken after the mucinous layer was destroyed by
enzymes or infected bile.
The ultrastructure of the pancreatic duct is well described (Simpson
1983, Bub 1983, Reber 1981, Yoshizawa 1978, Kodama 1983)^ The ducts
are lined by columnar cells with many short luminal microvilli
Cfigs. 25A+B). These cells rest on a continuous basal lamina, supported
in turn by delicate vascular connective tissue. Their cytoplasm contains
mucous secretory granules, mitochondria, scanty endoplasmic reticulum
and ^blgi complex. The intercellular plasma membrane near the lumen has
a tight junction and below this plasma membranes of adjacent cells
are closely interdigitated. The apical junctional complex is illustrated
in fig. 26 and the integrity of the surface epithelium may relate to
the presence of these junctional complexes. Beneath the columnar cells is
a continuous basal lamina which contains a unique collagen molecule
(type IV) and two different glycoproteins of high and low molecular
weight (Ham 1979). Analysis of the basement lamina reveals four basic
components: (i) collagenous proteins, (ii) glycoproteins, (iii) proteo¬
glycans, (iv) lipids. The function of the basement lamina is to provide
an elastic support and possibly also to act as a filtration or diffusion
barrier. The pancreatic duct mucosal barrier is, in our opinion, related
to a combination of anatomical and physiological parameters. Damage to
the barrier is associated with compromise to one or more of these parameters.
Most experimentation on ionic diffusion across the pancreatic duct
walls has been performed in cats. These animals have several advantages
as the basal pancreatic secretion is zero and the ducts themselves are
-136-
large enough to make surgical cannulation easy. Economic
considerations are now a major concern of many laboratories,
including our own, and thus there has been a search for cheaper
animal preparations. Olazabal (1983, 1981) reported his experience
with the rat bile-pancreatic duct (BPD). He found that the rat BPD
acted in a similar way to the main pancreatic duct of the cat with
respect to its ionic permeability of HCO~ and Cl~. The structure of
the BPD wall in the rat is very similar to that of the feline pancreatic
duct and thus one would expect ionic diffusion to behave in a similar
manner. However, cannulation of the rat BPD is difficult and Olazabal
(1983) failed to characterize his basic preparation. Nevertheless, this
preparation offered possibilites which we were able to exploit fully
later in this study. Rohr (1983) further studied the permeability of the
rat BPD to exocrine pancreatic enzymes using an experimental preparation
similar to that of Olazabal. Under basal conditions the duct appeared
relatively impermeable to these enzymes whereas after the induction of
acute pancreatitis this permeability was increased three- to four- fold.
Several methods of assessing pancreatic duct integrity, or barrier
function, are available. The simplest methods are those of measuring
anionic flux of chloride and bicarbonate across a given length of duct
in a specified time. Determination of transductal potential difference
(a measure of HCO^ permeability) is an adjunct to ionic flux. Ultra-
structural assessment of the epithelial cells is as important as
measurement of ionic flux. The most complete evaluation of pancreatic
duct integrity is that using a combination of ionic flux, potential
difference and mucosal ultrastructure. When these indices are used in
conjunction a true quantification of the degree of duct damage can be made.
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O'Leary and. associates (1982) have recently studied pancreatic duct
permeability using intraductal injection of diatrizoate meglumine
followed by serial computerized tomography scanning. They concluded
that pancreatic contrast disappearance rates provided a measure of
pancreatic duct epithelium permeability and the rates obtained were
consistent with a process of passive diffusion. However-, there are
several criticisms of this study as no pressure measurements were
made, the contrast itself may damage the duct (Bub 1983) and the
method is insensitive to small changes in permeability.
It must be emphasized that by measuring ionic flux of CI- (mol. wt. 30)
and HC0~ (mol. wt. 6l), these ions are acting as simple markers of
duct permeability. There is now evidence that macromolecules can cross
the damaged duct wall and these substances are themselves potentially
damaging to the acinar cells once extravasation has occurred. Konok and
Thompson (1969), in perhaps the pioneering study on the pancreatic
duct mucosal barrier , used the molecule curare (mol. wt. 785) as
a marker of duct integrity. Normal duct mucosa is impermeable to curare
whereas damaged mucosa is extremely permeable. Later? Mosley 1981
demonstrated that bilirubin (mol. wt. 584) was able to diffuse across
the duct once its integrity had been compromised. It was Reber and
colleagues (1981b, 1982) however, who fully evaluated the permeability
of the pancreatic duct to macromolecules. In their first study (1981b)
they used fluorescently labelled dextrans of known molecular weight
(3,000, 20,000, 40,000) to study the transmission of large molecules
across the pancreatic duct into the portal blood, before and after
exposure of the duct to a bile salt. With the normal duct no macro¬
molecules were able to cross. Once the duct had been damaged by exposure
-138-
to tile salt, the duct was made permeable to molecules up to
J+0,000 mol. wt. Their further reports (Reber 1982, Wedgevood 1981+)
used a similar experimental method and determined that the feline main
pancreatic duct became permeable to molecules as large as 20,000 daltons
after bile salt exposure. Further-work by Austin (1981+) has demonstrated
that high pressure increases macromolecule movement across the damaged
duct wall. These observations on macromolecular permeability are
important as the pancreatic enzymes that have been implicated in the
pathogenesis of acute pancreatitis are of similar size e.g. phospholipase
A2 ll+,800, trypsin, chymotrypsin and elastase 25,000. Such diffusion of
toxic substances out of the duct into the pancreatic parencyma after
damage to the PMB might well be important in the pathogenesis of acute
gallstone pancreatitis. Indeed this diffusion of enzymes from the
damaged duct has been recently demonstrated by Rohr (1983).
ERCP examination of the human pancreatic duct is commonly performed
and the h now used are of low toxicity althoughsome complications
still develop (Bilbao 1978). Bub and co-workers (1983) have recently
described the morphology of the pancreatic duct epithelium after
pancreatography with various contrast media. The duct epithelium was
markedly damaged after injection of several contrast media and this
damage was exacerbated by high pressure. It is of interest that the cellular
damage was similar in nature to that observed after disruption of
pancreatic duct integrity. Damage to the PMB by contrast agents may
lead to increased duct permeability and thus be responsible for post
ERCP hyperamylaseamia and acute pancreatitis.
Altered pancreatic duct permeability has been implicated in the
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pathogenesis of both gallstone pancreatitis and adenocarcinoma of the
pancreas. O'Leary and colleagues (198U) have investigated pancreatic
duct epithelial characteristics after bile salt induced damage. They
induced severe epithelial dysplasia and suggested that a membrane
mediated process was involved with possible changes in membrane
permeability at the luminal surface. Their findings suggest that
studies of pancreatic duct permeability might relate to the patho¬
genesis of pancreatic cancer. Furthermore^as carcinoma of the pancreas
is more commonly found in the head and ampullary areas of the gland,
refluxed bile or duodenal contents might cause damage to pancreatic
duct integrity and thus permit carcinogens to exert their toxic effects.
Damage to pancreatic duct integrity, associated with compromise to the
pancreatic duct mucosal barrier, has been experimentally induced by
several compounds. These substances are similar to those known to
break the gastric mucosal barrier and are presumably surface membrane
attackers. Amongst the substances shown to damage the PMB are
- Infected bile (Konok and Thomspon 1969)
Bile salts (Reber 1979, 1980)
Aspirin (Mosley 1979, Fox 1979)
Ethanol (Reber 1979)
Trauma by indirect cannulation (Case 1970).
The effects of these agents on barrier function will be discussed
at length in the following chapters.
Several conclusions can be drawn from these observations.
1. The pancreatic ducts are analogous to the stomach in
possessing a physiological barrier to free diffusion.
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2. Damage to this barrier is associated with increased anionic
flux, reduced potential difference and ultrastructural
changes in the duct mucosa.
3. Damage to duct integrity makes the duct permeable to
macromolecules which may have relevance in the pathogenesis
of acute pancreatitis and pancreatic neoplasia.. Chloride
and bicarbonate ions are only markers of this damage.
b. The feline pancreatic duct has been used for most studies.
As experimental economies are now of importance in most
laboratories there is a need to evaluate the rat bile-
pancreatic duct.
-lUl-
Fig. 25A Electron microscopy of normal duct (x 7500).
•Fig. 25B Electron microscopy of normal duct (x 7500).
B.L. - Basement lamina
mv - microvilli.
T.J.-tight junction.
IC - intercellular space.





Fasting male Sprague-Dawley rats (250-300g) were anaesthetized with
intraperitoneal Inactin (100 mg/kg) (sodium thobutabarbitone; BYK,
Germany") and kept at a constant temperature of 3T°C. The animals
were placed on a sheet of aluminium foil to give electrical shielding.
The external jugular vein and internal carotid artery were cannulated
to allow intravenous infusion, measurement of potential difference and
monitoring of blood indices. The blood levels of CI and HCO~ remained
in the ranges 100-110 mmol/l and 23-30 mmol/l respectively throughout
the experiment. Tracheostomy was performed in all animals to maintain
a patent airway.
The abdomen was opened along the midline and the bile-pancreatic duct
(BPD) ligated close to the liver (fig. 27A-D). A thin polyethylene tube
(Portex, id 0.U mm, od 0.8 mm) was inserted into the duct distal to the
tie and ligated in place. Transduodenal cannulation of the distal BPD
with a similar cannula was performed and the cannula lightly tied in
place. At all times care was taken to avoid damage to the duct or the
pancreatic acini. The distance between the tips of the two cannulae
was carefully measured and ranged from 1.7 to 2.3 cm (mean 2.1 cm).
The distal cannula was connected to a constant infusion pump (slow
infusion apparatus, Scientific and Research Instruments Ltd, Croydon,
U.K.). which allowed perfusion at varying rates. A pressure transducer
(Bell and Howell, type 4/^22, Basingstoke, England) was incorporated
via a 3-way tap into the infusion system to allow constant monitoring of
pressure.
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Fig. 27A Ligatures around distal and proximal
"bile-pancreatic duct (scale in centimetres).
Fig. 2TB Cannulation of proximal bile-pancreatic duct.
Fig. 27D Perfusion of duct. Indian ink used for clarity.









Effluent was collected in small containers under paraffin to prevent
evaporation. The effluent cannula incorporated one salt bridge
(see later). The completed experimental preparation is shown in
fig. 28.
Solutions
The standard perfusate solution (SPS) had the following composition:
HCO" - 120 mmol/1.




i.e. anionic concentration close to that of pancreatic juice.
Osmolality - 300 m osmol/kg; the same as rat plasma. Adjusted by
the addition of mannitol.
SPS was made up freshly before each experiment and anionic
concentrations measured before use.
Anionic measurement
Chloride concentration was determined using a CM T10 chloride titrator
(Radiometer, Copenhagen, Denmark). 10 jfL volumes were used for analysis.
Bicarbonate concentration was determined using a Natelson microgasometer.
All estimation were performed within two hours of the specimen being
obtained.
Potential difference
The effluent cannula of the perfusion system (fig. 28) incorporated
one salt bridge of saturated KC1 in k% agar which made electrical
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contact with the fluid in the collection catheter. The other salt
bridge was inserted into the external jugular vein. The opposite
end of each bridge was immersed in a beaker of saturated KC1 containing
a calomel electrode. These were connected to a Farnell type TM 39
microvoltmeter and a pen recorder for continuous recording of trans-
ductal potential difference (pD).
Spontaneous pancreatic secretion
The basal pancreatic secretion volume was measured in eight rats.
The values for the first and second hour collection periods were
first hour - 4.6+0.59 pl/hr (mean +_ SD)
second hour - 4.8+0.82 jil/hr
Electron microscopy
At the end of the experiment and prior to sacrifice the BPD was
perfused with glutaraldehyde in Sorensen's buffer pH 7.4 for
10 minutes at a rate of0.2 ml/hr. The duct was then excised and stored
in fixative for 48 hours. A segment of the duct was postfixed in
1% osmium tetroxide, and then dehydrated in ethanol prior to embedding
in Emix resin (Emscope Ltd., Ashford, Kent, UK). A 2 jm section was
taken from the centre of the block, stained with 1% toluidine blue in
1% sodium tetraborate, and examined under the light microscope to ensure
correct orientation of the duct and optimum sampling. Ultrathin (50 nm)
sections were then cut and stained in lead citrate for 5 minutes. The
stained sections were examined in.a Phillips 300 electron microscope and
recorded on photographic film.
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Study Design
On the basis of the later perfusion rate observations a rate of
perfusion of 100 pl/hr was used for anionic flux studies. At perfusion
rates above this^exchange of ions was low and at rates below this
there was insufficient volume of effluent to perform the biochemical
analyses.







SPS 1000 10 discard
SPS 100 20 discard





SPS 1000 10 discard
SPS 100 20 discard
III SPS 100 6o collect
glutaraldehyde 200 10 duct
removed
The experiment was continued after the first hour of infusion only if
the volume of the fluid collected by that time (measured by weighing,
1 g = 1 ml) was 100 +_ 5% of the infused volume. Less than 2% of the
experiments were discarded because of poor recovery (defined as<95% of
the infused volume).
Animal stability
The total length of the experiment including the initial surgery
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was approximately 2U0 minutes. During this time the animals were
stable with Inactin anaesthesia and required no further doses. Inactin
is well known as a particularly useful anaesthetic agent (Sewell, 1975)»
with the only dangers being at induction when sudden death can occur.
The blood indices of H"1", Cl~, HCO^j pC>2 pCO^ all remained within
the normal physiological range. Every 30 minutes the trachea was
aspirated to prevent mucus accumulation. Once the preparation was
established no animal died during the experimental period.
Ion flux
Differences between the 01 and HCO^ concentrations of the effluent
and perfusate were determined for periods I and III. Flux is represented
by the letter J and was calculated in the following manner
J. 01" = Cbi 3 effluent - 30 x _1 pmol/cm/hr; 30 = [cij perfusate
length duct 10
J. 01 = +, i.e. gain of ions into duct lumen
J. HC0~ = jkcozl effluent - 120 x _1 pnol/cm/hr; 120 = [hC07| perfusatelength duct 10
J. HCO^ = i.e. loss of ions from duct lumen
Small values for ion flux correspond to low duct permeability and high
values to high permeability.
The mean changes in ionic flux, i.e. the difference in flux between
periods III and I, were evaluated as (A = change).
A.J. 01 = J.01 - J.01 (pmol/cm/hr)
A.J. HC0" = J.HC0" - J.HC0~ _ / , , ,, n
3 3III 3 I (pmol/cm/hr)
Differences in ionic flux between period III and I were interpreted
as being due to differences in the permeability of the duct caused by
damage from the agent perfused during period II. A small mean change
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in ionic flux represented duct stability between periods III and
The larger the mean change the more marked was the effect of the
substance on duct permeability.
I.
test
An example of the calculations employed is given below
e.g. length duct 2.0 cm.
perfusate C.C1"] 30, [jiCO^] 120<yvm.«1|1.
period i effluent [ci"] = 1*5, £hC0~1 = 90.
period II Bile infused.
period III effluent |ci~J = 60, [hCO""] = 70.
for period I: JC1 = 1*5 ~ 30 x 1_
2.0 10
= + 0.75 pnol/cm/hr.
JHC0 = 90 ~ 120 x 1
J
2.0 10
= -1. 50 jimol/cm/hr.
likewise for period III J.CI
_ = +1.50 pmol/cm/hr.
J.HCO^ = -2.50 pnol/cm/hr.
mean change in ion flux (period Ill-period I)
A J.CI = 1.5 - 0.75 = +0.75 piol/cm/hr





The transductal pD was determined in periods III and I and the change
in pD between these two periods was calculated as
pD change (A.pD) = P^jjj ~
The larger the change in pD the greater the damage produced by the
test substance.
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PERMEABILITY OF THE RAT BIIE-PANCREATIC DUCT
Before proceeding to evaluate the effects of varying substances
on the bile pancreatic duct (BPD) it was essential to study the
physiological characteristics of this preparation. The purpose of
these experiments was (i) to establish what conditions should be
used for further experiments and (ii) would this rat preparation behave
in a similar way to that previously described using the feline main
pancreatic duct.
Perfusion rates
SPS was perfused through the duct at variable rates ranging from
50 to 250 jil/hour, and five animals were perfused at each rate. The
experimental result was only accepted if the collected effluent volume
was within 5l of the perfusate volume. The anionic (CI , HCO^)
concentration was determined in the effluent and recorded against perfusion
rate (fig. 29). When the BPD was perfused with SPS at rates greater
than 200 jil/hr, the concentrations of HCO^ and CI in the recovered
effluent were unchanged, i.e. the SPS was flowing through the duct too
quickly to allow ionic permeation. As the flow rate decreased the
concentration of CI was higher and HC0~ lower in the effluent than
in the perfusate, indicating flux of anions across the duct wall.- At
the low rate of perfusion of 50 r almost complete ionic equilibration
jkoor,
l/wasoccurred. On the basis of these results a perfusion rate of 100 '
used for all future flux studies for the following reasons
(i) at higher rates there was insufficient flux
(ii) at lower rates - the volume of effluent was too low to
perform estimations.
the volume of basal pancreatic secretion
might become significant.
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- ion flux was so high in the control
conditions that changes would be difficult to interpret.
Perfusion pressure
The pressures in the duct system at the various rates of perfusion
are illustrated in table 21. With a flow rate of 100 pl/hr the pressure
never exceeded 9 cm HgO. As the flow rate increased so did the pressure
until values of 28.3 cm H^O were obtained with a flow rate of 250 pl/hr.
The perfusion rate of 100 pi used for these ion flux studies is therefore
associated with low (<10 cm HO) pressures.
Anionic movement
The theory that HC0~ and CI diffuse across the duct epithelium
down their respective concentration gradients was tested by substituting
the observations (from the perfusion rate vs. ion flux experiment above)
in an integrated form of the Fick equation described by Defares and
Sneddon (i960) and later by Case and Scratcherd (1970).
i.e.
Ln (u - a) = Ln (uQ - a) - 2 nrlh . 1
Vo
where Ln = natural logarithm.
uQ = ionic concentration of perfusate.
u - ionic concentration of effluent.
a = ionic concentration of extracellular fluid
Cl~ = 110, HC0~ = 26 mmol/l.
r = radius duct.
1 = length duct,
h = permeability coefficient,
v = flow rate.
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In any one experiment only u and Vo are variable.
graph of Ln (u - a) against 1_ will be linear if Fick's law holds.
Vo
The slope of the line obtained is 2 nrlh and therefore any difference in
gradient is due to a difference in permeability of the duct to the two
ions (CI", HCO").
3
The observed values of effluent ionic concentration (u) and flow rate (Vo)
were substituted into the equation above. The graphs of Ln (u - a)
against 1/V for CI and HCO" are illustrated in fig. 30 arid the points° 3
for Cl~ (r = 0.96) and HCO" (r = 0.998) fall on straight lines. These
results indicate that both Cl~ and HCO" move across the duct wall by
3
passive diffusion down concentration gradients and conform to the
DeFares and Sneddon (i960) equation. The gradients of the two lines
were different; CI = -0.0b, HCO^ = -0.06, indicating that the BPD of
the rat had. a higher permeability to HCO" than Cl~ ions.
Volume recovery
To evaluate completeness of volume recovery in this preparation 11 rats
l4
were infused with SPS containing 5 uCi/ml of C polyethylene glycol
(PEG, mol. wt. U000, Radiochemical Centre, Amersham, Kent). The duct was
perfused at varying rates with SPS and PEG for 1 hour and the effluent
collected. The duct was then perfused with unlabelled SPS (wash solution)
for 20 minutes and the effluent collected. The specific activities of
labelled perfusate (cpm ), effluent (cpm ) and effluent following wash
P e
perfusion (cpm^) were measured using a Packard liquid Scintillation
Counter (tri-carb U60 C, Packard Instrument Company Inc., Downes Grove,
111., USA). The effluent volume was measured by weight and compared
with the volume calculated from the specific activity in the perfusing
solution and effluent. Recovery of "^C PEG {%) was calculated according
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FlowRate/xl/hr
Fig.2-9Effluentanionicconcentrationvs.fl wr toCIa dHCO^anions.
1/Vo(ml/hr)~1
Fig.30logg(u-a)vs.l/Vo;aluessubstitutedinteq ationofD farresndSned on.
TABLE 21 Intraductal pressure at varying rates of perfusion
(mean + SD).
PERFUSION RATE (pl/hr)
100 150 200 250
pressure
(cm HgO)
7.3+1.2 12.7+2.5 18.7+1.7 28.3+2.9
to the method of Simpson (1983) as
% recovery = Ye x cpmc
Vp x cpm^
Ve = measured volume effluent.
Vp = measured volume perfusate.
The percentage recovery of "^C PEG following wash perfusion was
calculated.
1" recovery = Vw x cpm,,
x 10Q
Vp x cPmp
Vw = volume of wash solution recovered after 20 minutes.
The percentage recovery of "^C PEG at various flow rates is shown
in table 22. Most of the infused ~^C PEG was collected in
the effluent indicating that sequestration (5% in wash) was of minor
it
importance. The relationship between calculated C PEG volume and
observed volume recovery at the end of 1 hour of recovery is illustrated
in fig. 31. There was close correlation between the values
Cr = 0.989s P<0.0001) implying that virtually all the perfusate
volume was collected in the effluent and there was little sequestration
of fluid.
Potential difference (pD).
The relationship between the transductal pD and the difference
between perfusate and serum was studied in twenty animals. In these
experiments the perfusate concentration of HC0~ was varied from 10 to
lUo mmol/l and that of CI from 1^0 to 10 mrnol/l. The total anionic
concentration in the perfusate was always 150 mmol/l. The transductal
pD was measured continuously during the perfusions, and the serum
jHC0~J was determined at intervals.
There was a linear relationship between the pD across the duct and the
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TABLE 22 Percentage recovery of "^C PEG following BFD
perfusion at varying flow rates (mean values given).
PERFUSION RATE (]il/hr)
100 150 200 250
No. of rats b 3 2 2
% recovery C PEG
in effluent
97-2 96.3 9^.2 95-1
at l4% recovery C PEG
in wash solution















difference in [hCO^ "between the perfusate and serum (fig. 32).
When the perfusate (hCO^J was 100 mmol/l the pD was -3.6 hh 0.21 mv.
When the perfusate [hCO^J was the same as the serum [hco3] , the pD
was -0.3 ± 0.2 mv, close to zero. This linear relationship was
statistically significant (r = -0.96, P<0.01).
Control anionic flux and pD
Studies of anionic flux and pD were performed at a perfusion rate of
100 jjl/hr. The values for period I and period III are given below


















These results demonstrated the stability of the duct over the
experimental period.
Control electron microscopy
The epithelial lining of the normal bile-pancreatic duct is illustrated
in figs 25A and B. There is a single layer of columnar cells resting on
a continuous basal lamina. Occasional side branches could be seen
joining the main duct. The supporting connective tissue contained
striated bundles of collagen, occasional fibroblasts and small capillaries.
The columnar cells were joined at the apex by typical junctional complexes
(fig. 26). Moderate numbers of surface microvilli extended into the
-152-
duct lumen. The cytoplasma contained various numbers of mucus
secretory granules, mitochondria,endoplasmic reticulum and a Golgi
complex. The lateral membranes of adjacent columnar cells were
closely opposed with narrow intercellular spaces occupied by short
interdigitating processes. Desmosomes were occasionally seen in the
upper portions, just beneath the apical junctional complex and there
was no connection between the basal lamina and basal portion of the
columnar cell. Several endocrine like cells, containing typical
secretory granules, were seen at intervals in the epithelium.
Fixation of tissues is of vital importance in interpreting electron
microscopy and this was excellent in the sections examined. Control
animals, given SPS in period II, demonstrated normal duct ultrastructure
at the termination of the experiment. The only small abnormality was
a slight increase in the width of the intercellular spaces. In
particular, there was no evidence of cell damage, as evidenced by normal
intercellular organelles and normal junctional complexes.
Results summary
1. The rat bile pancreatic duct is analogous to the main
H
# U
pancreatic duct of the cat in possessing a barrier to free
diffusion of Cl~ and HCO~ ions.
3
2. The rat bile pancreatic duct has similar properties to
the feline pancreatic duct. Anionic movement is byjjpassive
diffusion down concentration gradients.
3. The preparation is stable during the period of study and there
is over 9b% volume recovery.
b. The permeability of the BPD wall can be assessed by measuring
flux of CI and HCO~ and transductal pD.
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5. The results obtained are highly reproducible between animals.
6. Electron microscopy is a useful adjunct to anionic flux and
pD in assessing duct integrity.
7. This preparation offers opportunities for the study of
pancreatic duct integrity in response to various injurious
agent s.
Discussion
Investigation of duct integrity using the rat bile pancreatic duct
is a new concept in evaluating pancreatic disease. This study has
demonstrated the efficacy of the in situ model of bile-pancreatic duct
(BPD) perfusion in the investigation of pancreatic duct physiology.
The stability of the animal preparation was confirmed by the constancy
of ionic flux measurements and the absence of change on -ultrastructural
examination. Over the four hour period of the experiment the anaesthetic
used (Tnactin) permitted a constant physiological environment - the blood
indices were constant, no further anaesthesia was needed and all vital
signs remained stable. Indeed the use of the anaesthesia Inactin has now
become widespread in long-term physiological experiments; up to 2b hours
with a single dose (Sewell 1975)- It is important to emphasize that
this study used direct cannulation of the BPD, as indirect cannulation
has been shown by Case (1970) to damage the pancreatic duct mucosal
barrier. Moreover care was taken at all times to avoid trauma to the
pancreatic duct system.
Studies on the cat pancreas have demonstrated that the HCO^ and Cl~
concentrations in the secreted fluid are dependent on the flow rate
whereas the concentrations of sodium and potassium remain constant at
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all secretory rates (Case 1969, 1970). At high flow rates the
pancreatic juice contains a high HC0~ and low CI concentration,
the reverse being the case with low flow rates. Thus the pancreatic
ducts act as secondary modifiers of acinar secretion.
The preparation described in this study has demonstrated-an exchange
of anions that was dependent on perfusion rate. The only similar study
in the literature is that of Olazabal (l983a)who demonstrated anionic
exchange to be more than that obtained in the present investigation.
The discrepancy in results may be explained by; different methodology as
Olazabal used 'sagatal' anaesthesia which requires constant 'topping up';
the length of ductal perfusion was only 1.1+ cm as opposed to 2.0 cm
in this study; and the direction of perfusion was different to that
employed here. This report has shown that at flow rates of greater
than 250 pl/hr, negligible exchange of anions occurred, presumably as
a result of difficulty in detecting the small amounts of HC0~ and CI
■moving across the mucosa relative to the greater mass of ions passing
through the system (Simpson 1983). As the flow rate decreased so did
the anionic flux increase. The graph of flow rate against effluent
anionic concentration is similar to that obtained in studies of the
feline pancreatic duct (Reber 1979» 1980, Case 1969> 1970) although
because of the size of the rat the volumes are correspondingly smaller.
Indeed the movement of anions in the rat BPD appears to be of a similar
magnitude to that in the pancreatic duct of the cat. This study used
the perfusion rate of 100 pl/hr, as did Olazabal (1983), since the ionic
fluxes obtained were large enough to detect significant differences.
A comparison of the perfusion details for feline and murine experiments
is given below.
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Body size length duct perfusion rate Effluent anion
at perfusion rate (mmol/l)
CI" HCO~
cat 2-3 kg 4-9 cm 500 pl/hr 46 110
rat 250-300 g 1.7 - 2.3 cm 100 pl/hr 47 92
Pressure has Been implicated in the production of pancreatic duct
changes (Simpson 1983, Austin 1984, Pirola 1970) and, Because of the
previously demonstrated changes of duct extravasation with pressure,
this study carefully measured intraduct pressure throughout the
experiment. The values obtained at the perfusion rates used were
always low, and well within the physiological ranges of the normal
pancreatic duct. This experiment required ligation of the Bile duct
for the study time and a preliminary study on a small/number of animals
demonstrated that duct permeability and structure was unaffected By
obstruction. Mosley (1981) had also previously noted that long-term
jaundice, with high serum Bilirubins, failed to alter the characteristics
of the pancreatic duct mucosal Barrier.
Movement of CI and HCO^ ions across the duct wall was investigated and H.4.
question of whether anionic movement occurred By an active or passive
process determined. Case and Scratcherd (1970) previously showed in
cats that CI and HC0~ diffused passively through the pancreatic duct
epithelium down their respective concentration gradients across the duct
wall. Using a similar method this study demonstrated that Both anions
conformed to Fick's law and moved down their concentration gradients
across the duct wall. The duct wall appeared to have a higher permeability
for Bicarbonate ions than chloride ions. In contrast this permeability
is reversed in cats with the feline main pancreatic duct Being more
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permeable to chloride ions (Case 1970). Greenwell's (1977) suggestion
that anions flux through tight junctions between cells rather than
m ve£(xtiov-\ IxJ
through epithelial cells may have significance j our later
observations on ultrastructure.
The basal pancreatic secretion over 1 hour was minuscule (*+~5 pl/hr),
confirming Olazabal's (1983) observations. Cats under basal conditions
have no pancreatic secretion (Reber 1980, Case 1970). This may therefore
be one disadvantage of the murine flA.od.el although the very small
volumes of pancreatic secretion are almost insignificant in terms of the
total volume collected. Indeed the maximum concentration of HCO^
(150 mmol/l) secreted by the pancreas over 1 hour in a volume of
5 Jil is 0.75 pmol. In contrast 100 pi of perfusate at jHCO^J of
100 mmol/l contains 10 pmol. Thus the maximum contribution that basal
pancreatic secretion can make is 7-5% of the total bicaAonate
concentration. In reality this contribution is almost certainly much
smaller C<5%) making basal secretion unimportant in the context of total
HCO movement.
3
Perfusion through a biological system requires complete recovery of
perfusate since poor recovery invalidates the results. Early studies
on the pancreatic duct mucosal barrier failed to take account of volume
recovery and relied instead on weighing the effluent fluid (Reber 1979,
1980, Mosley 1981). This method is notoriously insensitive for ensuring
completeness of recovery. Olazabal (1983) carefully evaluated recovery
in a preparation similar to the present model. He used tritiated inulin
as a volume marker and found the percent recovery for the first- and second-
hour collections to be 96.1 +_ 1.07% and 9*+»8 +_ 0.9*+% respectively.
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Simpson (1983) recently described volume recovery in a cat preparation
lU
using C PEG as a volume marker. He demonstrated that volume recovery
was from 92 to 99% and also that a small volume (5-9%) was recovered
in the wash solution. I was initially concerned that perfusate might be
sequestered in tributaries of the main BPD. Perfusion with "^C PEG
demonstrated that at all flow rates the recovery exceeded 9^% at 1 hour
and only 5% was recovered during the waskperiod. As the volume of
collected effluent was always within +_ 5% of the perfusate volume and
the measured basal pancreatic secretion was extremely small I considered
that both sequestration and pancreatic secretion had little effect on
the ionic concentrations of the effluent measured.
The transductal pD in the rat BPD correlated closely with the difference
in [HCO-] between the perfusate and blood. The values obtained were
similar to those reported in cats (Mosley 1981, 1979, Moqtaderi 1972)
and in rabbits (Reber 1969). The pD's measured were equivalent to the
HCO^ diffusion potential as the pD was zero when there was no [hCO~ J
gradient. This is contrary to the situation in the stomach^has a pD
of -30 mV (Mosley 1979, Silen 1977).
The normal pancreatic duct of the cat is permeable to bicarbonate and
chloride ions (Reber 1979, 1980). Similarly Olazabal (1983) has
demonstrated that the normal rat BPD allows some chloride to pass into
the duct and some bicarbonate to pass out of the duct. In this study the
normal BPD in period I was permeable to both chloride (0.8U ^unol/cm/hr)
and bicarbonate ions (1.59 jimol/cm/hr). (The increased permeability to
bicarbonate ions has been commented on earlier). In control experiments
the second hour of collection (period III) gave anionic fluxes almost
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indistinguishable from those in the first hour, thus demonstrating
both duct stability and the consistancy of duct physiology between
animals.
The potential difference across the rat BPD in the control experiments
was -2.3 mV, a value close to that observed across the pancreatic
duct of cats, -3 to -k mV (Mosley 1979) and rabbits, -2 to -6 mV
(Reber 1969). These results indicate that there is no active secretion
by the BPD in contrast to an actively secreting mucosa such as the stomach
which has a resting pD of -30 mV (Silen 1977). The pD was very similar
between animals and remained stable over the experimental period,
reinforcing the concept of duct integrity.
Electron microscopic examination of the duct epithelium is of fundamental
importance when considering duct integrity. Although initial research on
the pancreatic duct mucosal barrier used relatively insensitive light
microscopy (Reber 19795 Olazabal 1983), the importance of ultrastructure
has recently become manifest (Simpson 1983). Electron microscopy allows
early detection of cell damage and assessment of structures such as tight
junctions, intercellular spaces, basal lamina and intracellular organelles.
The normal ultrastructure of the main pancreatic duct of the cat has been
well described by Reber (1981), Simpson (1983) and Bub (1983) and the
importance of the tight junction emphasized by Farquhar (1963) and- Ham (1979).
The presence studies with rat bile-pancreatic duct mucosa show that the
duct cells are unlike gastric surface mucosa cells in that although both
have mucus secretory activity, those of the BPD are not developed to the
degree seen in the more specialized mucus secreting surface gastric
epithelium. The duct cells exhibit predominantly apical adhesion
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specializations with relatively loosely adherent basal lateral
surfaces, features reminiscent of those of biliary epithelium. The
duct cells are columnar with surface microvilli. Tight junctions
are present between the apical cell membranes and beneath these is a
relatively loose intercellular and basal space. These tight junctions
may well have a vital role in maintaining duct integrity. The overall
ultrastructural appearance of the rat BPD was very similar to that
described in the main pancreatic duct of the cat. Furthermore, the
physiological stability of the duct cells was confirmed as at the
termination of control experiments the only histological feature was
that of minor widening of intercellular spaces.
These initial experiments have enabled us to characterize the
physiology of the bile-pancreatic duct of the rat thus.
Ci) The ultrastructure of the rat bile-pancreatic duct is
similar to that of the pancreatic duct of cat and man.
(ii) Bicarbonate and chloride ions diffuse across the duct wall
down concentration gradients. This diffusion is related
to the rate of perfusion.
(iii) Volume recovery of perfusate is excellent and basal pancreatic
secretion negligible.
(.iv) The experimental preparation described is stable over the
U hour period as evidenced by constant anion flux, pD and
an intact ultrastructure.
(v) Perfusion of the rat BPD offers opportunities for studying
duct physiology. In particular the effects of varying toxic
substances on duct integrity can be evaluated.
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CHAPTER IX
THE EFFECT OF BILE, INFECTION AND PRESSURE ON THE
PANCREATIC DUCT MUCOSAL BARRIER
Bile alters the permeability of the gastric mucosal barrier
(Davenport 1972) and may be important in the pathophysiology of certain
diseases such as reflux gastritis and gastric ulceration. This section
discusses the effect of bile on the pancreatic duct mucosal barrier
(PMB) and in a later chapter the various individual biliary constituents
(e.g. bile salts, lysolecithin) are evaluated further.
Reflux of bile or duodenal juice into the pancreas may be the initial
step in the pathogenesis of acute gallstone pancreatitis. As common
bile duct contents can occasionally reflux into the pancreatic ducts
■without producing untoward effects (Taylor 1980, Ivy 1952), it appears
that both the nature of and pressure of refluxed bile are important.
Konok and Thompson (1969) postulated a barrier between duct contents and
the pancreatic parenchyma and a defect in this pancreatic duct mucosal
barrier was proposed as the earliest step in the evolution of acute
gallstone pancreatitis.
Konok and Thompson (1969) studied the effects of varyiooi substances
on the integrity of the feline pancreatic duct. They used low pressure
infusion and measured duct integrity by light microscopy and by the
absorption of curare from the damaged duct which produced animal death.
Sterile bile and E. coli suspension had no effect on the duct mucosa;
bile incubated with pancreatic juice caused moderate damage to the
epithelium. The most obvious and spectacular changes occurred after
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infected (E. coli) "bile was infused when immediate and progressive
destruction of the duct wall resulted. Bile infected with E. coli
thus showed mucolytic and cytotoxic effects far beyond those of the
other solutions tested. In all cases the curare test was positive.
Their conclusions were that at low infusion pressures the duct was
remarkably resistant to sterile bile, activated pancreatic' enzymes
and bacteria. Infected bile was the most potent factor in breaching
this barrier. Unfortunately Konok and Thompson did not further pursue
these interesting results.
Mizumoto and associates (1971) postulated that the protective pancreatic
barrier might be due to mucopolysaccharides present in the thin mucous
layer. They thus investigated the effects of beta glucuronidase,
produced by E. coli bacteria, on the duct mucosa. Beta glucuronidase
alone produced a reduction in the mucous layer. Sterile bile alone
produced no untoward effects. However, when bile was mixed with beta
glucuronidase there was evidence of duct destruction with associated
severe necrotizing pancreatitis. The results of this study suggested
therefore that beta glucuronidase produced by bacteria might be the
reason for the extreme toxicity of infected bile.
Reber and colleagues (Reber 1979, 1980, Mosley 198l) characterised the
pancreatic duct mucosal barrier fully, and measured PMB stability by means
of anion flux. In their studies sterile bile did not increase the
permeability of the duct, but perfusion with infected bile did. It is
noteworthy that the effect of infection was seen only when the bacteria
in the perfusate were pathogens known to infect bile and not when urinary
pathogens were used. They attributed this difference to differing abilities
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of the various "bacterial species to convert the primary bile acids
to secondary bile acids (i.e. deoxycholate and lithocholate)
(Carey 1973). Moreover, Reber suggested that deconjugation of bile
acids by bacteria might also contribute to the toxicity of infected
bile, and that bacteria disrupted bile micelles and increased the
effective concentration of bile salts in solution. The explanation
for infected bile toxicity is further complicated by the fact that
bacteria convert virtually all the biliary lecithin into lysolecithin
(see later). Thus the efficacy of infected bile in damaging duct
integrity may be of:
Ci) Bacteria produce toxins in bile, e.g. beta glucuronidase,
(ii) Bacteria convert primary bile acids into secondary bile
acids which are known to be toxic.
(iii) Bacteria deconjugate bile acids into their toxic
unconjugated derivatives.
Civ) Bacteria disrupt micelles and thus increase the
availability of bile acids in bile.
Cv) Bacteria convert harmless lecithin into toxic lysolecithin.
There is a need both to substantiate these findings and to evaluate
the ultrastructural changes induced by bile. In addition correlation of
anion flux, potential difference and ultrastructure should be investigated
in order to fully assess pancreatic duct integrity.
The nature of bile in patients with gallstones and acute pancreatitis
has received little experimental attention. Heuman and co-workers (1980)
studied the gall bladder bile composition in patients with cholesterol
gallstones. They determined that bile from patients with gallstones
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contained relatively more deoxycholates and less lecithin than did
bile from patients without gallstones. Since deoxycholates are more
effective at producing inflammation than cholates and lecithin is
possibly protective (see later) these findings might be of relevance
in considering bile induced damage to the pancreatic duct epithelium.
There is, however, a paucity of knowledge concerning (i)' the chemical
makeup of "pancreatitic" bile and (ii) its effects on pancreatic duct
integrity compared to ordinary sterile bile.
Although the effects of various substances on the PMB have been
evaluated little attention has been given to the effects of pressure.
Mosley (1981) emphasized that the perfusion pressured used in his
experiments was always low (i.e. less than 8 cm HgO). Recently,
Simpson and co-workers (1980, 1983) have evaluated the effects of
pressure on the pancreatic duct mucosal barrier. They studied both
low (3.7 cm HgO) and high (30 cm H^O) pressures, both alone and in
conjunction with a bile salt. High pressure alone did not significantly
alter anionic flux and electron microscopy showed minor inconsistent
alterations of cell structure. When however pressure was combined with
taurocholate there was a marked increase in permeability and notable
ultrastructural changes resulted. These results indicate that pressure
alone is non-damaging to the PMB but when combined with a toxic intra¬
luminal substance then there is a marked increase in "barrier" damage.
Austin and Sieckman (198U) recently reported on pancreatic duct permeability
to macromolecules. They found that increased pancreatic duct pressure,
achieved with secretin stimulation and duct obstruction, increased
pancreatic duct permeability to molecules the size of pancreatic duct
enzymes (mol. wt. 17»500).
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These observations can be summarized thus:
(1} Sterile bile has limited toxicity to the pancreatic duct.
(2) Infected bile is extremely damaging to pancreatic duct
epithelium.
(3) High pressure may increase bile toxicity.





To evaluate the effect of "bile", infection and pressure on pancreatic
duct integrity.
Experimental preparation
This was as described in the preceeding chapter (fig. 28). Careful
attention was given to the control of pressure by means of the pressure
transducer in the perfusate cannula. Five animals were studied at
each pressure in all of the five experimental groups. The experimental
sequence was thus;
period I - SPS perfusion x 1 hour.
period II - "Bile" perfusion at low or high pressure x 20 mins.
period III - SPS perfusion x 1 hour.
Solutions:
The solutions were as described in chapter V. Briefly these solutions
were;
(i) SPS - standard perfusate solution i.e. control.
(ii) SPS + E. coli - a fresh bacterial suspension of biliary
Escherichia coli organisms;
10^ - 10^ orgs/ml.
(iii) sterile bile - sterile choledochal bile taken from
10 patients.
(iv) "pancreatitic" bile - sterile choledochal bile from U
patients with a recent history of acute
gallstone pancreatitis.
(v) infected bile - infected T-tube bile taken from 8 patients.
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Bile solutions from different patients gave similar results,
i.e. sterile bile from all the 10 patients gave comparable results
as 'did those of "pancreatitic" and infected bile.
Pressure:
The pressure was carefully measured by means of a Bell and Howell
(type k/b22) pressure transducer incorporated via a 3~way tap into
the infusion system. Pressure in the system could be altered by
raising or lowering the height of the effluent cannula until the
values required were registered on the recorder (Simpson 1983).
The pressures studied were
PMB damage
Damage to the PMB or duct integrity was assessed as previously
described.
between periods III and I were measured.
In controls with a stable duct the change is very small.
Increased damage to duct integrity is represented by
increasingly large mean changes in ion flux.
(b) Transductal potential difference (pD) change from periods III
to I. Increased duct damage resulted in an increased pD
change.
(c) ultrastructual examination of the duct was performed at the
end of the experiment as previously described.
high pressure - 35 cm H^O
low pressure
(a) Anionic flux of CI and HCO^ Mean changes in ion flux
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Results (figures 33A-C; tables 23,2*0
Controls:
The experimental preparation was stable throughout the procedure.
At low pressures the anionic flux and pD remained stable over the
two periods (table 23). This stability of the duct was emphasized
by the normal electron microscopy (fig. 3*+A). High pressure infusion
produced minor increases in chloride flux and pD (table 2U). Although
these differences were just significant bicarbonate flux remained
constant indicating only a slight increase in duct permeability.
Electron microscopy demonstrated widened intercellular spaces (fig. 3*+B).
The tight junctions and cells themselves were normal.
E. coli solution
Infusion of a bacterial suspension at low pressure produced no change
in duct permeability as assessed by ion flux, pD and ultrastructure
(table 23). High pressure produced slight increases in ion flux of
CI- and HCCT (table 2*+), differences that were just significant
(figs. 33A-C). The electron microscopic appearances were virtually
identical to those of SPS alone with widened intercellular spaces
being the only abnormality. As E. coli solution behaves similarly to
SPS alone, it appears that bacteria themselves have no effect on
duct integrity.
Sterile bile
At low pressures sterile bile produced moderate increases in anionic
flux (P<0.0l) and a reduction in pD (P<0.01) (table 23). The
ultrastructural appearance was that of swollen and oedematous duct
cells. There was no evidence of epithelial disruption or damage to
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the junctional complexes (fig. 3^C). At high pressures (table 2k)
these changes were markedly increased compared with the corresponding
experiment at low pressure (P<0.001). Anionic flux increased two
to three fold and pD changed considerably. Electron microscopy demonstrated
swollen epithelial cells with large basal and intercellular spaces.
The luminal surface of the cells r€.ei^.ce<k microvilli (fig. 3^D).
"Pancreatitic" bile:
At low pressure anionic flux of CI- (P<0.00l), HCO~ (P<0.0l) and
pD (P<0.001) were significantly different to those seen with sterile
bile (table 23). On electron microscopy the epithelial cells were
swollen with occasional vacuolation, and the intercellular spaces were
widened. Occasional areas of epithelial disruption were apparent. At
high pressure anionic flux was significantly (P<0.01) increased over
the corresponding low pressure values, although pD remained fairly
constant. Although the ion flux of chloride was higher than for sterile
bile, bicarbonate flux and pD change were of similar magnitude (table 2h).
The ultrastructural appearances at high pressure were those of swollen
cells, wide basal spaces and several areas of cell shedding. These
changes were more marked than with low pressure or when sterile bile
was infused at high pressure.
Infected bile:
At both pressures infected bile produced significantly more damage
to the bile-pancreatic duct than the other solutions. At low pressure
both anionic flux (P< 0.001) and pD (P<0.0p) were significantly different
than after perfusion with the other "bile" solutions (table 23). On
electron microscopy there was evidence of pronounced epithelial disruption
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(fig. 3^+E) with cell shedding, damage to the tight junctions and
exposure of the basement lamina. High pressure increased these
ultrastructural changes (table 2k). There was a significant increase
in ion flux (P<0.01) and pD (P<0.0l) over the low pressure values
(fig. 33A-C). The ultrastructural appearance was that of severe duct
damage. Virtually all the epithelial cells had been stripped from the
duct wall and there was collection of cell debris in the lumen
(fig. 3^F). The basement lamina was exposed in most places and in
several areas there was evidence of disruption of the lamina with
subjacent tissue oedema (figs. 3^-G+H).


































(0 normal, +++ marked change)
The results of bile, infection and pressure on the bile-pancreatic duct
can be summarized as:
£ Col;
1. Bacterial solutionlproduces no damage.
-170-
Sterile bile produced moderate damage which is increased
by pressure.
"Pancreatitic" bile is more toxic than sterile bile.
Infected bile produces by far the worst damage to the duct
epithelium. Ion flux and pD changes are maximal at high
pressure.
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TABLE 23 Bile + infection v. Anionic Flux (mean ± SD)
mean change in net flux change in pD
(pnol/cm/hr) (mv)
(ho) A J.Cl" A J.HC0~ A PD
SPS (5) +0.10+0.01 -0.0TiP.01 -0.1+0.01
SPS + E. Coli (5) -0.02+0.01 -0.06+0.01 +0.1+0.02




Infected bile (5) +1.29+0.15® -1.30+0.1145 +0.60+0. o¥i
Sterile v. control *RcO.Dl
Pancreatitic v. sterile +RC0.001, £P<0.01
Infected v. all §P<0.001, IIP<0.05
TABLE 2b Bile + infection v. Anionic Flux (mean ± SD)
mean change in net flux change in jdD
(janol/cm/hr) (hit)
(No) A J.Cl" A J.HC0~ A PD
SPS (5) +0.1U+0.02 * -0.10+0.02 +0.15+0.02*
SPS + E. Coli (5) +0.03+0.01+ +0.03+0.01+ +0.1+0.01
Sterile Bile (5) +1.12*0.10* -0.77+0.05* +0.61+0. ol+*
Pancreatitic (5)
Bile
+1.1+7+0. lUn§ -0.80+0.09n +0.57^.0.01
Infected "bile (5) +l.98+0.l71f -1.1+5+0.1211 +1.05+0.1311
SPS v. low pressure *F<0.05
SPS + E. Coli v. low pressure +P<0.02
Sterile v. control *P<0.001, v. low press. ^RcO.DOl
Pancreatitic v. sterile §P<0.01, v. low press. TIP<0.01
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Fig. 3^A Electron microscopy after perfusion of duct with
SPS at low pressure (x 11250). (*>*«• p. Ifcfc)
Fig. 3^B Electron microscopy after perfusion of duct
With SPS at high pressure (x 11250). (see <>!
Fig. 3^C Electron microscopy after perfusion of duct with
sterile bile at low pressure (x 7500). Uc«- ^
Fig. 3to Electron microscopy after perfusion of duct with
sterile bile at high pressure (x 11250).
Note grossly widened intercellular spaces. (,S«e P
Fig. 3^E Electron microscopy after perfusion of duct with
infected bile at low pressure (x 7500).
Note widened intercellular spaces and cell death, (see ylfel-To)
Fig. 3^F Electron microscopy after perfusion with infected
bile at high pressure (x 11250).
Note epithelium lifted from basement lamina. (s«t pn«)
Fig. 3^G Electron microscopy after perfusion of duct with
infected bile (x 7500).
Note complete epithelial loss. Debris and erythrocyte
in lumen. Basement lamina damaged in places. (s«e pHo)
Fig. 3^H Electron microscopy after perfusion of duct with
infected bile (x 11250).
Note complete epithelial loss, disruption of basement
lamina and subjacent oedema. f l"l°3
Discussion:
These experiments have demonstrated the effectiveness of the murine
in situ model of BPD perfusion in investigating duct physiology.
Following the earlier observations (chapter V) on bile and the
production of pancreatitis}I was intrigued to evaluate the effects
of the varying types of bile on duct integrity. The earlier
observations had demonstrated that differing types of bile had varied
pancreatotoxicity i.e. infected>"pancreatitic"> sterile and that
high pressure was more noxious than low pressure.
Perfusion with the standard solution at high pressure produced minor
changes in duct permeability. The only ultrastructural abnormality
was a widening of intercellular spaces with the cells and tight junctions
being normal. These results are similar to the only other comparable
experiment of Simpson et al (1983) as regards permeability changes,
but Simpson could demonstrate no alteration of the intercellular
spaces. Pressure itself, therefore^produces no important change in
duct integrity.
A fresh bacterial solution, containing proven viable organisms,
produced no significant damage to the PMB. In addition, high pressure
did not increase permeability to any great degree and the only micro¬
scopic changes were those of widening of the intercellular spaces. It
appears that bacteria themselves are non-toxic to the pancreatic ducts,
confirming the observations of Konok and Thompson (1969).
Perfusion with sterile bile produced moderate damage to the PMB and
swollen duct cells were seen on electron microscopy. These changes were
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increased by high pressure when there was evidence of loss of microvilli
and an increase in the size of the basal and intercellular spaces.
Widening of intercellular and basal spaces appears to be one of the
earliest responses of the duct epithelium after perfusion with toxic
substances (Simpson 1993). The importance of pressure in producing
damage to the duct epithelium was demonstrated as high pressure increased
anion flux two- to three- fold and changed the pD considerably. Previous
authors (Konok 1969» Mizumoto 1971) have commented on the lack of
toxicity of sterile bile to the duct mucosa. Later studies by Reber
(.1979j 1980) and Mosley (1981) demonstrated sterile bile to have little
effect on duct permeability. It is important to emphasize that all these
researchers used only low pressure and did not study mucosal ultra-
structure. Indeedjin our study the most marked alterations in duct
integrity occurred at high pressures. The only comparable study using
careful pressure measurements was that of Simpson (1983) who demonstrated
that high pressure plus bile salts increased ion flux two-fold and
produced a marked widening of basal spaces and epithelial disruption; results
similar to those reported in this study. Sterile bile produces mild to
moderate damage to the PMB and this damage is markedly increased by
high pressures.
I have previously demonstrated that "pancreatitic" bile is more toxic
than sterile bile, and have postulated some change in its chemical
makeup. The recent observations of Braganza and colleagues (1983a,b)
suggest that altered bile is responsible for pancreatic disease. The
results of this study confirm my earlier results on the toxicity of
"pancreatitic" bile. At low pressure "pancreatitic" bile produced
significantly more damage to the PMB than sterile bile; as ion fluxes
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were much, greater, the pD reduced considerably and duct cells
demonstrated oedema and vacuolation. High pressure increased ion
flux, although to a much less degree than with sterile bile, and
the occasional areas of cell shedding on electron microscopy attested
to its increased toxicity. Thus "pancreatitic" bile, even at low
pressures, is very damaging to the ducts. These findings are new as
no previous investigator has studied bile from patients with acute
gallstone pancreatitis.
Infected bile was shown by earlier investigators to produce more
severe damage to duct epithelium than sterile bile (Konok 1969,
Mizumoto 1971, Reber 1979, 1980, Mosley 198l). Whether this is due
to bacteria acting on bile salts or on other bile constituents such
as lysolecithin remains uncertain. The earlier results after perfusion
in the bacterial solution do, however, suggest that the bacteria
themselves are relatively non-toxic to the pancreatic duct. In this
study infected bile produced the most marked increases in duct
permeability and these changes, although noticeable at low pressures,
were most apparent with high pressure infusion. Indeed the magnitude of
ion flux was such as to suggest complete destruction of the pancreatic
duct mucosal barrier. Electron microscopy demonstrated almost complete
loss of the duct epithelium and exposure of the basement lamina. Moreover
in some places the basement lamina was damaged with subjacent oedema of
the connective tissue. It is not difficult to imagine toxic substances
leaking from such damaged ducts and initiating pancreatic inflammation
and these results reinforce our previous observations on the toxicity of
infected bile.
-17^-
Several conclusions can be made from this study.
1. High pressure alone widens intercellular spaces but does
not appreciably increase duct permeability.
2. Bacteria in solution are non-toxic to the ducts.
3. Sterile bile produces moderate damage to the duct integrity;
this damage is markedly increased by high pressure.
H. "Pancreatitic" bile, especially at low pressure, damages
the PMB to a much greater degree than sterile bile. This
suggests that the nature of bile itself may be altered in
patients with acute gallstone pancreatitis.
5. Infected bile destroys the pancreatic duct mucosal barrier at
both high and low pressures.
6. Although pressure alone is unimportant, when combined with a
toxic substance such as bile it becomes significant.
7. Measurement of one aspect of "barrier" function is an insensitive
method of determining damage. Using four aspects, as in this
study, enables a more critical evaluation of duct integrity.
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CHAPTER X
THE EFFECT OF BILE SALTS ON THE PMCREATIC DUCT MUCOSAL BARRIER
Bile salts are one of the most powerful naturally occurring detergents
(Martin 1981, Helenius 1975), and have been shown to increase the
permeability of biological membranes. Reflux of bile acids into the
stomach has been implicated in the initiation of gastritis and gastric
ulceration by altering the permeability of the gastric mucosal barrier
(Reber 1900, Davenport 1972). Bile salts are assumed to disrupt surface
epithelial cells by dissolution of membrane lipids (Morris 1984,
Duane 1980) and the application of bile salts to epithelial surfaces
produces damage within minutes (Morris 1984). Furthermore, these
naturally occurring surfactants have been also shown to break down
mucus structure (Martin 1981, 1978) and to be directly toxic to
membranes (Kellaway 1977).
It is well recognised that bile salts increase the permeability of
gastric mucosa to H+ ions and promote ulcergenesis (Simpson 1983,
Black 1971). These agents may also cause severe damage to surface
cells when luminal pH is held at values where virtually no H"1" enters
the tissue. Forte and associates (1976) examined the effect of
deoxycholate on frog gastric mucosa when luminal pH was maintained
above the pKa of deoxycholate (pKa = 6.3) to prevent bile salt
precipitation. Ultrastructural changes observed included swelling of
the entire apical region of the epithelial cells, loss of microvilli,
and in extreme cases, complete cell disintegration so that only remnants
of cytoplasmic organelles remained. However, the junctional complexes
between the cells appeared resistant to disruption and retained their
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structural integrity despite cell disintegration. These observations
on gastric surface epithelium may well have relevance in the context
of pancreatic duct integrity.
Reber and colleagues (1979* 1980) examined the effect of varioos "bile
salts on the feline pancreatic duct mucosal harrier. Thay demonstrated
that pancreatic duct permeability was increased by exposure to various
bile salts at a range of physiological concentrations. Moreover,
secondary bile acids (deoxycholate) were more damaging than primary
acids (cholate). Significant differences between the effects of
conjugated and unconjugated bile salts on duct permeability at an
alkaline pH were found. In contrasttthe tauro- and glyco- conjugates
appeared equipotent. Increasing concentrations of bile salts produced
a greater change in duct permeability. Perfusion of the duct with mixtures
of bile salts produced additive effects on membrane permeability.
Histological assessment of the duct system was unremarkable regardless
of the changes in duct permeability although ultrastructural examination
was unfortunately not performed. The results of Reber's experiments
can be summarized as; secondary bile salts are more toxic than the
primary salts, dihydroxy bile salts are more toxic than the trihydroxy
derivatives, glyco- wL tcwr-o- co/\joga.\r-es are. fo-jcic
, unconjugated bile salts are more toxic than the conjugated
derivatives, and an increased concentration of bile salts produce
increased damage to the pancreatic duct.
The various bile salts have differing effects on pancreatic duct
permeability and can be roughly graded as; glycodeoxycholate,
taurodeoxycholate, and deoxycholate are more toxic than chenodeoxycholate
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derivatives which in turn are more toxic than cholic acid salts.
Simpson (1983) and Reber (1981a) examined the effect of bile salts
on mucosal ultrastructure. Both glycodeoxycholate (Reber 1981a)
and taurocholate (Simpson 1983) produced marked electron microscopic
changes in the duct cells. These were widening of the intercellular
spaces, loss of surface microvilli and occasional cell degeneration.
Interestingly the junctional complexes were normal, analogous to the
gastric mucosal epithelium (Forte 1976). These changes in the duct
epithelium were accompanied by marked alterations in duct permeability.
Ducts with the most marked mucosal disruption had the highest
permeability. As previously described.Simpson (1983) demonstrated that
these bile salt changes could be increased by pressure.
Olazabal (1983) evaluated the effect of unconjugated deoxycholic acid
on the rat bile-pancreatic duct. He showed that 5 and 10 mM solutions
of deoxycholate increased the duct permeability to CI and HC0~ ions;
in contrast lower concentrations of bile salt had little effect. These
increases in duct permeability were accompanied by severe duct
epithelial necrosis on light microscopy.
Although bile salts were shown to increase duct permeability to Cl-
and HCO^ anions it was uncertain until recently as to the relevance of
this observation as regards the aetiology of acute gallstone pancreatitis.
-oi-Uer
Reber (1981b, 1982) andj^ workers (Wedgewood 198*+, Austin 198*1) have
demonstrated that 15 mM glycodeoxycholate increases duct permeability to
macromolecules of molecular weight 20 - *+0,000. Since the enzymes which have
been implicated in the pathogenesis of acute pancreatitis are of similar
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size (e.g. trypsin 25,000, phospholipase lU,800) the pancreatic
duct exposed to bile salts is probably permeable to them as well.
Such diffusion of enzymes out of the duct into the parenchyma after
bile salt damage may be important in the pathogenesis of gallstone
pancreatitis. O'Leary and colleagues (1982) further demonstrated an
increased permeability of the pancreatic duct to macromolecules after
bile salt damage.
Interestingly it has recently been shown (O'Leary 198^) that
deoxycholate produces hyperplasia of pancreatic duct epithelium as
well as increasing the duct permeability. These results suggest that
secondary bile acids or other similar surface-active cytotoxic agents
present in the biliary tree or duodenum may play an important role
in the pathogenesis of pancreatic duct epithelial hyperplasia associated
with pancreatic cancer.
Despite these observations there still remains doubt as to the relevance
of bile salt damage to the pancreatic duct J indeed Simpson (1983) and
associates were hesitant to implicate the observed bile salt changes
in the pathogenesis of acute pancreatitis. Several conclusions can
however be made from the reports discussed.
1. Bile salts are toxic to the pancreatic duct^and lead to
increased permeability and mucosal ultrastructural changes.
2. Unconjugated bile salts are more toxic than the conjugated
variety. Secondary bile salts are more damaging than primary
salts.
3. Pressure increases bile salt damage.
ij-. Significant damage is produced by bile salts in the
-179-
concentrations found in bile and in the duodenum.
5. Bile salt induced duct damage may be important in the





To investigate the effects of bile salts, in particular glycodeoxycholic
acid, on pancreatic duct integrity using the in vivo perfusion of the
rat bile-pancreatic duct.
Experiment
The rat BPD was prepared as previously described in fig. 28. The
pressure of infusion was kept low (i.e.<10 cm H^O) in all these
experiments with bile salts. Groups of five animals were used for
each bile salt and concentration studied. The experimental perfusion
was thus
period I - SPS perfusion x 1 hour
period II - Bile salt solution x 20 minutes
period III - SPS perfusion x 1 hour
Solutions
(1) glycodeoxycholate (Sigma G - 3258) was added to SPS to give
concentrations of 5, 10, 20, 30 mM. Each solution was freshly
prepared under clean conditions before use.
(2) taurocholate (Sigma T - 4009) was added to SPS to give a
concentration of 10 mM.
(3) deoxycholate (Sigma D - 2510) was added to SPS to give a
concentration of 10 mM.
Glycodeoxycholate was studied in detail as this bile salt may be the key
detergent in producing membrane damage (see later). The concentrations
of bile salts studied are those known to occur in human bile, where most
-l8l-
bile salts are bound to glycine (Carey 1973).
PMB damage
This was assessed as previously described. Damage to the PMB was
indicated by
: increased anionic flux of CI and HCO^
: change in pD
: ultrastructural alterations.
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Results (table 25, figs 35A-C)
Glycodeoxycholate perfusion produced a significant (P<0.00l)
increase in duct permeability compared with the control values.
This increase was produced even by the relatively low 5 mM
concentration. As the concentration of glycodeoxycholate was
AloL p<xwr ciocA'ix 'So •"<* c re& J c
increasedjSo did the permeability of duet/, .When a 20 mM solution
of glycodeoxycholate was perfused the Cl~ flux was increased three¬
fold and the HCO^ flux two-fold. Moreover, after perfusion with
20 and 30 mM glycodeoxycholate the collected effluent in period III
was discoloured. This indicated pronounced epithelial damage as
in all control experiments the effluent remained colourless.
Electron microscopy revealed significant changes in the duct
ultrastructure after glycodeoxycholate perfusion (fig. 36). At
a concentration of 5 mM there were flattened epithelial cells and
loss of microvilli and at a concentration of 10 mM the intercellular
spaces were widened and the epithelial cells were swollen. After
perfusion with a 20 mM solution epithelial disruption was noted and
with the 30 mM solution cell shedding into lumen and an oedematous
subjacent lamina propria were pronouned.
The degree of ultrastructural damage correlated with the increase
in anionic flux and the change in pD. These results show that although
the maximum damage to the duct occurred with glycodeoxycholate
concentrations of 20 mM or above, there were still significant
alterations produced by the 5 mM concentration.
Taurocholate (10 mM) perfusion increased duct permeability. This
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increase was significantly (P<i0.02) less than a corresponding
10 mM solution of glycodeoxycholate. Indeed 10 mM taurocholate
produced changes that equated with 5 mM glycodeoxycholate in terms
of ion flux and mucosal ultrastructure.
Deoxycholate (10 mM) produced changes in duct permeability and
ultrastructure comparable to a 10 mM solution of the glycine
conjugated salt. There was no apparent increased toxicity of the
free bile acid over glycodeoxycholate at this concentration.
Results summary
1. Bile salts damaged the duct integrity. This damage was
related to the concentration of the bile salts.
2. At equivalent concentrations^glycodeoxycholate was comparable
to free deoxycholate and significantly more damaging than
taurocholate.
3. A concentration of 20 mM glycodeoxycholate and above produced
marked irreversible damage to the duct epithelium.
U. Damage to the PMB can be assessed by means of a change in ion
flux and pD and by examination of mucosal ultrastructure. The
quantitative changes in these indicators correlate well with
each other, i.e. maximum flux = maximum cell damage.
-l8i+—
TABLE 25 Bile salts v. Anionic Flux (mean +_ SD)
mean change in net flux change in pD
(pnol/cm/hr) (mv)
A J.Cl" A J.HCO
3
A pD
control (5) +O.IO+O.OI -0.07+0.01 -0.1+0.01
1
5mM GDC (5) +1.20+0.08 -O.76+O.IO +0.38+0.02
lOmM GDC (5) +1.60+0.13* -0.72+0.08 +0.70+0.02*
20mM GDC (5) +2.09+0.32+ -1.31+0.11+ +0.80+0.05}:
30mM GDC (5) +2.18+0.09 -l.il9+0.11§ +0.78+0.12
lGmM DOC (5) +1.31+0. ill11 -0.6i|+0.07 +0.52+0.08^
lOmM TC (5) +0.53+0.0811 -0.27+0. Oil11 +0.20+0.0311
All bile salts v. control (P<0.001 for each)
GDC lOmM v. 5mM *P<D.0D1
GDC 20mM v. lOmM +P<0.001, $P<0.02
GDC 30mM v. 20mM §P<0.02
lOmM DOC v. lOmM GDC nP<0.02







































Fig. 36 Electron microscopy after perfusion of duct with
bile salt (x 11250 )(CtU)
I S
Note epithelial flattening, loss of microvilli and
oedema of cells.
Discussion
These experiments have demonstrated that bile salts are extremely-
toxic to the pancreatic duct. At equivalent concentrations glyco-
deoxycholate and free deoxycholate appeared to be equipotent and both
were more toxic than taurocholate. A close study of glycodeoxycholate
as opposed to other bile salts was made for several reasons -
Ci) in man the glycine:taurine ratio is 3:1 (Carey 1973)
Cii} free bile acids rarely exist in bile (Hansson 19&7)
Ciii) secondary bile salts are more toxic than primary bile
salts (Reber 1980)
Civ) patients with gallstones have an increase in the secondary
bile salts (Heuman 1980).
Xt is possible that glycodeoxycholate might be the most important
bile salt in producing pancreatic duct damage during the initiation
of acute gallstone pancreatitis.
The degree of pancreatic duct damage seen on microscopy correlated
closely with the increase in duct permeability. This observation is
important when considering the validity of the experimental results.
Although the degree of duct damage increased with higher concentrations
of glycodeoxycholate these were all within presumptive pathophysiological
concentrations. Even the low concentrations (5 and 10 mM) produced
significant increases in anionic permeability. The ultrastructural
changes observed at these concentrations were similar to those previously
described (Simpson 1983, Reber 198la). Glycodeoxycholate perfusion led
I
to a consistent alteration of latei*ljintercellular relationships, a response
analogous to active fluid transport (Simpson 1983, Tormey 1967). Even
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when the intercellular spaces were widely distended, implying active
transport across the epithelium, the cells remained in contact "by
tight junctions. Simpson (1983) felt that these changes were an
adaptive response of a fully viable cell population. Whilst this
is possible in the present experiment using the 5 mM concentration,
the 10 mM solution also produced cellular swelling indicative of a degree
of cell damage. Associated with these ultrastructural changes was a
significant increase in duct permeability which is a factor in itself
of import when considering duct extravasation. Simpson and co-workers (1983)
have suggested that the pancreatic duct mucosa has many ultrastructural
features in common with the biliary epithelium and it adapts to bile
salt exposure by triggering physiological transport mechanisms. The
results of perfusion with low concentrations of glycodeoxycholate
support this theory, although we feel that the changes produced are
important in themselves iry of is>.
Duct perfusion with glycodeoxycholate at high concentrations of 20 and
30 mM produced much more severe damage, with associated ultrastructural.
alterations. Whilst it could be argued that low concentrations of
glycodeoxycholate produced physiological adaptation in the duct cells,
there is no doubt that these high concentrations are extremely toxic.
After perfusion with the 20 and 30 mM solutions the collected effluent
was discoloured. The implied severe epithelial disruption was confirmed
by the electron microscopic appearances of cell shedding and debris in
the lumen. Indeed in several ducts the subjacent basal lamina and lamina
propria were damaged themselves.
The results of this series of experiments parallel recent experiments in
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vitro (Helenius 1975» O'Leary 198^) where surfactants cause
changes in membrane permeability at intermediate concentrations
and complete lysis at higher levels. Indeed O'Leary (198U) has
shown that long term exposure to bile salt at low concentration
induces pancreatic duct cell hyperplasia, whereas high concentration
produces cell lysis and pancreatitis.
In conclusion several observations have been made concerning the
effect of bile salts on bile-pancreatic duct integrity.
1. Bile salts increase duct permeability with corresponding
ultrastructural alterations.
2. Low concentrations of glycodeoxycholate (5, 10 mM) produce
changes that might be construed as physiological adaption.
In contrast high concentrations (20, 30 mM) produce severe
epithelial disruption.
3. The increase in duct permeability may be important in the
pathogenesis of acute gallstone pancreatitis.
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CHAPTER XI
PHOSPHOLIPASE A„, LYSOLECITHIN AND THE PANCREATIC
DUCT MUCOSAL BARRIER
Phospholipase A^ (PLA2) is an enzyme secreted by the pancreas as an
inactive zymogen. After activation by trypsin, PLA2 in the presence
of bile salts removes a fatty acid from lecithin to give lysolecithin.
This reaction is very rapid and occurs normally in the duodenum with
100 per cent of the bile lecithins being converted to lysolecithins
(Poncelet 1972, Schmidt 1969); it could also occur in the biliary
tree especially in the presence of infection. Lysolecithins as a
group are extremely toxic to cell membranes (Reeman 1967) and it has
been postulated that PLA^ is of major import in the initiation of acute
gallstone pancreatitis (Nevalainen 1980). The substrates of PLA^,
lecithin and cephalin, are the main lipid constituents of cell membranes
and lecithin is an essential component of bile. Bile acids are activators
of PLA2. Thus bile or duodenal reflux could activate PLA2 within the
pancreas, and lead to toxic sequelae.
Duodenogastric reflux has been implicated in the pathogenesis of peptic
ulceration. Various biliary constituents, including PLAg, lysolecithin
and bile salts, damage the gastric mucosal barrier (Boyle 198^, Silen 198l).
Boyle and colleagues (198^) have measured the gastric levels of lyso¬
lecithin and PLA^ in patients with gastric ulceration. The levels of
these compounds were significantly higher than in normal controls suggesting
that both PLA2 and lysolecithin have a role in producing mucosal damage.
Several authors have shown that lysolecithin can produce gastric mucosal
injury (Boyle 198^, Davenport 1970a, Kivilaakso 1978) of greater severity
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than that of bile acids alone. These observations on membrane
toxicity in the stomach may be analogous to the situation in the
pancreatic duct following bile or duodenal reflux.
Helenius and Simon (1975) have comprehensively evaluated the properties
of detergents on biological membranes. Lysolecithin is a powerful
detergent or surfactant with different membrane solubilization properties
than bile salts. It appears to bind to membranes at very low concentrations
and subsequently induce changes in permeability. At higher concentrations
lysolecithin has more drastic effects such as membrane lysis and fusion.
This lytic process appears to occur in 5 stages.
(i) surfactant monomer adsorbs to membrane.
(ill surfactant momomer penetrates membrane.
Ciii) induces change in molecular organization.
Civ) alters permeability.
Cv) allows leakage and passage of molecules through membrane.
The effects of lysolecithin or PLA^ on pancreatic duct integrity are
unknown.
Poncelet and Thompson (1972) assessed the actions of bile phospholipids
on the pancreas but not on the ducts. They demonstrated that the minimal
concentration of lysolecithin necessary to produce pancreatic necrosis
was 6 mg/ml (0.6%)-, well within pathophysiological concentrations. Aho
and Nevalainen (1982) investigated the ultrastructural appearances of
pancreatic tissue following infusion of PLA^ or lysolecithin (PLA^
50u/200pl, lysolecithin 2.5%)- PLA2 produced extensive cell damage.
The injured cells contained swollen mitochondria and vesiculated endo-
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plasmic reticulum with the most severely injured cells being totally
disintegrated. These changes were very rapid and occurred within
several minutes, lysolecithin produced an identical picture suggesting
that PLA^ acted via the production of lysolecithin. These researchers
commented that these changes were similar to those induced by bile salt.
Thus;
(i) Phospholipase Ag acts on lecithin to produce the
powerful detergent or surfactant lysolecithin.
Ci.i) PLA^ lysolecithin damage cell membranes and the
gastric mucosal barrier.
(iii) PLA^ and lysolecithin are toxic to the pancreas.




To assess the effect of phospholipase (PLA^) and lysolecithin on
duct integrity using the in vivo experimental preparation described.
Experiment
The rat BPD was prepared as described in fig. 28. Perfusion pressure
was low (<10 cm H 0) in all these experiments. Groups of five animals
2
were studied. The experimental perfusion was thus,
period I - SPS x 1 hour.
period II - PLA^ or lysolecithin x 20 mins.
period III - SPS x 1 hour.
Solutions
1. Phospholipase A (Sigma P-9139) vas mixed with SPS to
produce a final concentration of 500 units/ml.
2. PLA. and glycodeoxycholate
PLA^ was mixed with SPS to give a solution of 500 units/ml.
Glycodeoxycholate was added to a strength of 10 mM.
3. Lysolecithin (L .1*129)
L —o<— lysophosphatidyl choline was added to SPS to give a 1%
solution.
1*. Lysolecithin and glycodeoxycholate were added to SPS solution




Damage to the pancreatic duct mucosal harrier was represented by
: increased flux of Cl~ and HC0~ ions.
3
: change in transductal pD.
: mucosal ultrastructure abnormalities.
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Results (table 26, figs. 37A-C)
PLA.
PLA^ alone (low activity) produced a significant (P<0.00l) increase
in permeability to CI and HCO^ ions and reduced the pD. On electron
microscopy the appearances were those of epithelial swelling with
apical vacuoles indentified (figs. 38A and B). Junctional complexes
were normal and the intercellular spaces widened. The underlying
basement membranes and subjacent lamina propria were normal.
PLA-i and glycodeoxycholate
The combination of glycodeoxycholate and PLA^ produced more severe
duct damage than when either was perfused alone. The ultrastructural
appearances were those of marked epithelial vacuolation and cell
disruption (figs. 38C-D). Large areas of cell shedding with exposure
of the basement lamina were identified. These appearances were analogous
to those observed after infected bile was perfused through the duct.
Lysolecithin
Lysolecithin alone produced marked alterations in duct permeability,
and these changes were accompanied by striking ultrastructural abnormalities.
The duct cells were vacuolated as were the intercellular spaces and marked
cellular oedema was identified with swelling of mitochondria. The
basement lamina and lamina propria demonstrated a varying degree of oedema.
The appearances were similar to those seen after perfusion with a PLA^
and glycodeoxycholate solution.
Lysolecithin and glycodeoxycholate
When lysolecithin and glycodeoxycholate were combined the resultant
damage to duct integrity was greater than that after perfusion with
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either alone. The effects were not additive, presumably because each
alone had significant toxicity. The ultrastructural changes were those
of cell swelling and oedema with both vacuolation and oedema of the
basement lamina and lamina propia. Occasional areas of cell disruption
were identified. These changes were not as pronounced as when PLA^
and glycodeoxycholate were perfused in combination.
Results summary
1. PLA alone produces slight damage to the duct integrity.
2
When bile salt is added there is marked disruption of the
duct structure.
2. Lysolecithin alone is toxic to the duct epithelium.
This toxicity is increased in the presence of bile salts.
3. Lysolecithin and PLA^ produce similar ultrastructural
appearances suggesting that their modes of action are comparable.
-19b-
TABLE 26 PLA^/Lysolecithin v. Anionic Flux (mean + SD)
mean change in net flux change in pD
(umol/cm/hr) (mv)
A J. CI A J.HC0~ A pD
control (15) +0.10+0.01 -0.07+0.01 -0.1+0.01
lOmM GDC (5) +1.60+0.13 -0.72+0.08 +0.70+0.02
PIA2 (5) +0.60+0.05* -0.5U+0.01+* +0.1+1+0.02*
PLA + GDC (5)
2
+2.1+1+0.20+ -1.83+0.1U+ +I.3I++O.II+
lysolecithin (5) +1.66+0.08* -1.06+0.12* +0.78+0.09+
lysolecithin
+ GDC (5)
+I.89+O.O9I1 -l.3U40.nl 1 +0.91+0.01+1 I
PLA„ v. control * BCD.001
2 .
PLA^/GDC v. PLAg or GDC alone +P<0.D1









































Fig.3TCPLA^/Lysolecithinv .potent aldifference.(l£,Ci'lk K2 b)
Fig. 3§A Electron microscopy after perfusion of duct with
lysolecithin (x 11250).
Note vacuolation of apical portions of cells.
Fig. 38B Electron microscopy after perfusion of duct with
lysolecithin (x 11250).
Note widespread vacuclation.
Fig. ^8C Electron microscopy after perfusion of duct with
Phospholipase A.2/GDC (x h2^0).
Note separation and vacuolation of epithelium.
Fig. 38D Electron microscopy after perfusion of duct with
PLA2/GDC (x 11250).
Note cell loss and cell death.
Discussion
This study is the first evaluation of the toxic properties
of PLA^ and lysolecithin to the pancreatic ducts. As reflux of bile
and/or duodenal juice into the pancreatic ducts appears to be the
initiating step in gallstone pancreatitis, these observations may have
significance in the pathogenesis of this disease.
Infusion of PLA^ alone, at physiological concentrations (Aho 1982),
produced little damage to the duct, almost certainly because of its
inactivity in the absence of bile salts. In contrast when PLA^ was
infused in the presence of bile salt, and presumably fully activated,
there was a marked impairment in duct integrity. The changes in ionic
flux and transductal pD were greater than the sum of the individual
effects. This suggest that both PLA^ and bile salt act in concert
to attack cell membranes and cause severe duct damage. The changes
in ion flux were extremely marked and were some of the highest observed
using this preparation. On electron microscopy there was widespread
epithelial disruption with damage to the subjacent tissues. These
ultrastructural appearances are analogous to those described by Aho and
associates (1982).
Lysolecithin alone produced significant pancreatic duct damage at
concentrations (l$) well within those seen in the duodenum and in the
biliary tree (Poncelet 1972, Boyle 1984, Haverback i960). There was a
marked increase in pancreatic duct permeability as reflected by changes
in anionic flux and transductal potential difference. This increase
in permeability was of a similar magnitude to that observed after perfusion
with a 10 mM solution of glycodeoxycholate. The ultrastructural changes
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associated with barrier disruption were comparable to those of active
PLA^ in that duct cells were vacuolated with changes in the lateral
cellular interdigitations being prominent. Cell damage was further
evidenced by mitochondrial swelling. The underlying basement lamina
and lamina propia were oedematous suggesting that they too were damaged
by the effects of lysolecithin. Junctional complexes appeared normal
suggesting that some degree of recovery was possible after removal of
the detergent from the duct. These changes were increased when glyco-
deoxycholate was added although not to the same degree as seen after
its addition to PL/^, presumably resultant on differing active
concentrations of PLAg and lysolecithin. Following glycodeoxycholate
and lysolecithin perfusion occasional areas of cell disruption were
identified. Bile salts and lysolecithin are the two most powerful
natural detergents (Helenius 1975) and they appear to damage the duct
cells of the pancreas in concentrations similar to those found in bile
and duodenal juice.
Our previous observations have shown that sterile bile is less damaging
than bile salt and lysolecithin to the pancreatic duct mucosal barrier.
This may be due to the protective action of certain other biliary
constituents, e.g. lecithin, which will be evaluated in the next chapter.
It has been well described that a combination of pancreatic juice and bile
is more injurious to gastric mucosa (Lawson 1964) and the pancreas
(Elliott 1957) than bile alone. We believe that this is as a result of
PLA^ action on bile with the production of lysolecithin. Both lysolecithin
and activated PLA^ produced significant damage to the bile-pancreatic duct.
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This study can "be summarized as
1. PLAg after activation "by "bile salts was extremely toxic
to the pancreatic duct.
2. Lysolecithin produced duct damage which was of a similar
magnitude to that following perfusion with a 10 mM glyco-
deoxycholate solution.
3. The changes induced "by PLA^ and lysolecithin were similar
suggesting that PLA^ acts via lysolecithin production.
These changes are different to those of bile salts.
k. Lysolecithin and active PLA^ may produce damage to the
pancreatic ducts and so play a part in the initiation
of acute gallstone pancreatitis.
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CHAPTER XII
CYTOPROTECTION OF THE PANCREATIC DUCT EPITHELIUM
"Cytoprotection": The concept of "cytoprotection" was introduced
by Robert (1976) in an attempt to explain how the gastric mucosa could
be protected when the gastric mucosal barrier was either, broken or
the mucosa was exposed to potentially harmful circumstances. A
variety of factors appear to be important in maintaining the cellular
integrity of gastric epithelium including mucus, mucosal blood flow,
the cells themselves, tight junctions, prostaglandins and antihistamines
(Moody 1981).
Prostaglandins: Prostaglandins, a family of long chain unsaturated fatty
acids derived from arachidonic acid, have been known to affect gastro¬
intestinal function since their original detection in 193*+. Prostaglandin
Eg (PGEg) and its derivatives have been shown to have potent anti-ulcer
activity; a protective action distinct from its anti-secretory actions and
termed "cytoprotection" (Robert 1976, Miller 1979). Prostaglandins have
the ability to protect the cells of the gastrointestinal epithelium
against a variety of potentially noxious agents which otherwise have
the capability of producing cellular damage and necrosis e.g. bile salts,
aspirin, hypertonic solutions and ethanol (Moody 198l). Recently Lacy and
Ito (1982) examined the ultrastructural cytoprotection of PGE^ derivatives
on ethanol-induced gastric damage. They found that PGEg failed to alter
surface epithelial damage but did reduce deep damage. This finding is
interesting in that there was no general cytological protection of gastric
epithelium. Further evidence on the importance of prostaglandins in
maintaining gastric mucosal integrity has been afforded by the finding
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of reduced "cytoprotection" when a potent anti-prostaglandin such as
indomethacin is present (Miller 198U). Indeed,endogenously produced
prostaglandins appear vital in the maintenance of the gastric mucosal
harrier. These observations suggest that prostaglandins serve a
physiological role in maintaining the normal mucosal integrity of the
digestive tract rather than inducing cytoprotection solely as a
pharmacological effect (Robert 1979). Despite much investigation the
actual mechanism for prostaglandin - induced cytoprotection is unknown
although it has been suggested that prostaglandins may act via a change
in mucosal blood flow, a reduction in epithelial permeability, an
inhibition of active ion transport or an alteration in mucus secretion
(Miller 1979). Oral administration of a PGE2 analogue stimulates gastric
mucus secretion (Allen 1980). Gastric mucus is a visco-elastic polymeric
gel secreted from surface epithelial cells and appears to have a distinct
role in cytoprotection. Thus the cytoprotective action of PGE^ might
be as a result of its effect on mucus secretion.
Although most of the research on intestinal prostaglandins has
concentrated on the stomach, interest has grown regarding prostaglandin
activity in the pancreas and biliary tract (Uddin 1983a). Prostaglandins
(PGEg) have several important actions on the pancreas including vaso¬
dilatation and increased blood flow, inhibition of secretin—induced
secretion, varying effects on enzyme secretion, relaxation of the
circular muscles of the biliary and pancreatic duct, and a possible increased
mucus secretion.
There has been much recent interest concerning the role of prostaglandins
in acute experimental pancreatitis. Standfield and Kakkar (1983)
demonstrated that PGE^ reduced the severity of ethionine-induced
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pancreatitis, and postulated that membrane stabilisation induced by
prostaglandins was an important factor. They further illustrated that
the administration of parenteral PGE^ to humans was associated with
a significant reduction in cell membrane enzyme levels of R-acetyl ^
glucosaminidase (a marker of lysosomal stability), malate dehydrogenase
(a marker of plasma membrane stability). The beneficial effect of
protaglandins in experimental pancreatitis was further evidenced by
Coelle (1983), Manabe (1980), Brems (1983), Robert (1983) and Olazabal
(1983). Furthermore, indomethacin increases the severity of experimental
pancreatitis (Olazabal 1980, Coelle 1983). Whilst these results indicate
that the prostaglandin system is of importance in the outcome of
pancreatitis, further studies are needed to evaluate the role of prosta¬
glandins in the pathophysiology of pancreatitis.
The pancreatic duct mucosal barrier (PMB) is damaged by contact with
bile salts, aspirin, ethanol, lysolecithin and phospholipase Ag (Reber
1980). Researchers from Reber's laboratory in Columbia, Missouri have
recently investigated the effects of prostaglandins on the PMB (Mosley
1981, Tweedie 1981, Reber 198la). Tweedie (1981) showed that the
administration of an intravenous PGE^ analogue prevented the increased
permeability in the pancreatic duct produced by aspirin. The effect was
dose-related and at the highest dose used (50 jig/kg/hour) was essentially
complete. Reber (1981a) reported that 16, 16 DM PGE^ (a synthetic
analogue of PGE^) reduced the ultrastructural abnormalities induced by
glycodeoxycholate and,in particularfthe intercellular spaces were normal.
Thus a morphological correlation between the ultrastructural improvement
and the change in duct permeability induced by prostaglandins was
demonstrated. Mosley (1981) evaluated the effect of 16, 16 DM PGE^ on
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damage to the PMB. Intravenous prostaglandin (50 jig/kg/hour)
partially protected the mucosal harrier against damage produced by-
aspirin and bile salt. He also demonstrated that cimetidine was
partially cytoprotective to the PMB.
In contrast to these reports on the efficacy of pancreatic duct
cytoprotection afforded by PGE^, were the recent observations of
Olazabal (1983). He studied the effects of PGE^, PGI^ and indomethacin
on deoxycholic acid-induced damage to the rat bile-pancreatic duct using
a preparation similar to that in the present experiment (although less
refined in the detection of damage to the mucosal integrity).
Prostaglandin E^ or 1^ was given by three routes (intravenous, intra¬
arterial and intraductal) before bile salt perfusion. Indomethacin
was administered intravenously before perfusion. Neither prostaglandin
nor indomethacin affected the alterations in duct integrity induced by
deoxycholic acid. There are several possible reasons why his results
were contrary to those of Reber and colleagues; (i) the dose of prosta¬
glandins used was smaller, (ii) PGE£ was used instead of the more potent
analogue 16, 16 DM PGE^, (iii) the assessment of mucosal integrity was
relatively crude, (iv) there may be species differences in the response
to prostaglandins (rat vs cat).
These studies suggest that prostaglandins (in particular PGEg and its
analogues) are partially protective to the pancreatic duct epithelium. However
further studies, using refined methods for assessing duct integrity, are
needed to fully assess the physiological role of prostaglandins in
pancreatic duct cytoprotection.
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Lecithins (phosphatidylcholine): are an I constituent of
human bile and phospholipids, produced by hepatocytes, exist as 96%
lecithin (phosphatidylcholine), 3I lysolecithin and 1% phosphatidyl
ethanolamine. Lecithin secretion into bile is dependent on bile salts,
although some independent secretion occurs (Smith 1981). The major
role of phospholipids in bile is that of solubilization of cholesterol
in mixed micelles. However, it has been recently suggested that biliary
phospholipids (henceforth known as lecithin) are also important in
reducing the toxicity of bile salts to epithelial membranes and may be
involved in maintaining the integrity of the gastro-intestinal mucosa
(Martin 1981).
Martin and Marriott (1981) studied the effects of lecithin (phosphatidyl¬
choline) on the direct toxicity of bile salt and lysolecithin to biological
membranes. Lecithin reduced the toxicity of the bile salt, possible as
a result of mixed micelle formation (Helenius 1975)- The mixed micellar
aggregates reduce the rate at which the intact membrane is damaged because
of the reduced solubilizing capacity of bile salt micelles for membrane
components. One mole of bile salt can solubilize up to a maximum of
2 moles of lecithin (Martin 1981) e.g. 50 mM lecithin should be completely
solubilized by 25 mM glycodeoxycholate. In contrast 1 molecule of
lecithin can solubilize up to 10 molecules of lysolectihin (Helenius 1975)•
Lecithin also reduced the toxcity of lysolecithin to membranes by again
decreasing the solubilizing capacity for membrane protein and lipid
components. Martin and Marriott concluded their report by postulating
that lecithin in bile might be of importance in maintaining intestinal
integrity in vivo. These results may be significant with possible bile
or duodenal reflux into the pancreatic duct system.
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More recently Marriott and co-workers (198^) have reported on the
protective action of lecithin on the gastric mucosa. The addition
of 20 mM lecithin to 20 mM taurodeoxycholate significantly stabilized
the gastric mucosal barrier by reducing the effects of taurodeoxycholate
on potential difference and ionic flux. These experiments have important
implications in mucosal protection as to date there has -been little
investigation of the protective properties of the lecithin molecule.
Heuman and associates (1980) studied the permeability of the rabbit
gallbladder after treatment with bile salt. Bile salt markedly increased
the permeability to dextran molecules of molecular weight 3000. When
lecithin (50 mM) was added to the bile salt there was a significant
reduction in gallbladder permeability to dextran. They also demonstrated
that patients with cholesterol gallstones had lower levels of lecithin
in their bile than normal controls (35 mmol/l vs 53 mmol/l). These
results confirmed earlier reports by Ammon (1979) that lecithin protected
the gallbladder mucosa against the potentially damaging effects of bile
salts. Thus the lecithin to bile salt ratio might be critical in
determining bile toxicity to membranes. For example,the addition of
lecithin to bile will reduce the bile salt to lecithin ratio and the
amount of bile salts in monomer and simple micellar form. This will
result in a reduction of the overall detergent effect on the biliary
epithelium. As gallbladder epithelium has many features in common with
that of the pancreatic duct the implications of this study in the main¬
tenance of pancreatic duct integrity are far reaching. Recently SjiJdahl
and Tagesson (1983) have reviewed factors responsible for the development of
acute cholecystitis. They found that lecithin was crucial in counter¬
acting the detergent properties of lysolecithin and bile acids. If the
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concentration of lecithin was decreased, the overall detergent capacity
of the gallbladder bile was considerably increased. It remains unproven
whether the same sequence of events occurs in the bile of patients with
gallstone pancreatitis.
Poncelet and Thompson (1972) have shown that lecithin will reduce
the toxicity of lysolecithin to the pancreas. Lecithin completely
suppressed the toxicity of lysolecithin and prevented the development of
acute pancreatitis. Since lysolecithins are produced by the action of
phospholipase on lecithin a high concentration of lysolecithins indicates
a low value of lecithins. Thus lecithins may also be important in
modifying lysolecithin induced damage to the pancreas. These observations
suggested that further evaluation of the effects of lecithin on the
pancreatic ducts was needed. In particular the relationship of lecithin
to bile salts and lysolecithin required clarification.
In summary there are several points on mucosal protection in the
pancreatic duct which should be emphasized.
1. Prostaglandins of the E^ series are definitely cytoprotective
to the gastric epithelium.
2. The mechanism of prostaglandin induced cytoprotection is
unknown.
3. PGE^ and its analogues may also protect the pancreatic duct.
b. Lecithins protect gastric mucosa from bile salt and lysolecithin
damage.
5. Lecithins reduce the bile salt-induced increase in gallbladder
permeability.
6. The lecithin:lysolecithin and lecithinrbile salt ratios may be
important in determining bile toxicity.
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J. The effects of PGE^ and lecithin on the pancreatic duct
are not clear, and further study is needed to evaluate their




To evaluate the effects of prostaglandin Eg and lecithin (phosphatidyl¬
choline) on damage to the pancreatic duct epithelium induced by
Ci) bile salts and
(ii) PLA^ and lysolecithin.
Experiment:
The experimental preparation described in fig. 28 was used in all
experiments with a low pressure infusion (<10 cm HgO); N = 5 in each
group.
The experimental periods were therefore j
period I - SPS x 1 hour.
period II - Bile salt or ) + lecithin or
lysolecithin/PLAg ) PGEg
period III - SPS x 1 hour.
Solutions used:
1. glycodeoxycholate at concentrations of 5, 10, 20, 30 mM.
2. lysolecithin - 1% solution.
3. PLAp - 500 units/ml alone and in combination with 10 mM
glycodeoxycholate.
U. Lecithin (L -<*- phosphatidylcholine, Sigma P - 1+139) was
mixed with SPS to produce a 50 mM solution. This was added to
either (a) glycodeoxycholate (5~30 mM),
or (b) PLA.^ Solution,
or (c) lysolecithin solution,
and infused into the bile-pancreatic duct in period II. A
control experiment using lecithin alone was used to compare
results.
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and infused into the hile-pancreatic duct in period II. A
control experiment using lecithin alone was used to compare
results.
5. Prostaglandin (PGE^) (Sigma, P - ^6k0) was made up to
a 0.01 M stock solution with absolute ethanol and stored at
-20°C. This was diluted with SPS to the final concentration
required immediately before use. The dosage of PGE^ used was
100 jig/kg/hr. (the concentration of ethanol in the infused
PGEg was approximately 3-8$). The prostaglandin was infused
intraductally for 20 minutes following period I and then the
substance under test (period II). The ducts were thus pre-
treated with PGE^.
Barrier damage was assessed by
: change in anionic flux of CI and HC0
3




Lecithin and glycodeoxycholate (table 27, figs 39A-C)
When lecithin alone was perfused through the bile-pancreatic duct
there was no change in duct permeability and the electron
microscopic appearance was normal. The addition of lecithin to
varying concentrations of bile salts significantly .reduced the
changes in anionic flux of chloride (P<0.00l), bicarbonate
(P<0.00l) and the transductal potential difference (PCO.OOl)
induced by bile salt alone. This protection was significant with
each concentration of glycodeoxycholate and was most noticeable
with high glycodeoxycholate concentrations where the changes in
ion flux and pD were greatest. Ultrastructural examination confirmed
the protective qualities of lecithin. The cellular changes produced
by low glycodeoxycholate concentrations were much reduced with less
oedema and flattening of the duct epithelium. However, the most
spectacular changes were noted with high glycodeoxycholate con¬
centrations (20, 30 mM). At these concentrations lecithin prevented
the epithelial disruption, cell shedding and oedema of the subjacent
lamina propria. The electron microscopic appearance was similar at
each glycodeoxycholate concentration when lecithin was used as a
mucosal protector, (figs kOA~G). Thus lecithin had a marked
protective action on bile salt induced duct damage.
PGE and glycodeoxycholate (table 28, figs UlA-C)
Prostaglandin E^ alone had little effect on duct integrity as
assessed by anionic flux, pD and mucosal ultrastructure. PGE^
significantly (P<0.01) protected against 5 mM glycodeoxycholate
induced damage. At other concentrations of glycodeoxycholate^PGE^
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appeared to be partially protective. For example with 10 mM
glycodeoxycholate there was a significant reduction in CI flux
(P<0.01) and a change in pD (P<0.01) whereas HCO^ flux was
unaltered. The same inconsistency in mucosal protection was noted
on electron microscopy. PGE^ markedly reduced the ultrastructural
damage produced by 5 niM glycodeoxycholate. In contrast^the
protection offered for 10 mM glycodeoxycholate was less pronounced.
With 20 mM glycodeoxycholate^PGE^ precented epithelial disruption
with the only changes observed being those of cell swelling and
widening of the intercellular spaces. The effect of PGE^ on
30 mM glycodeoxycholate induced damage was much less obvious as
the epithelium was still disrupted with exposure of the basement
lamina.
Thus prostaglandin (given intraductally) had an inconsistent
protective action on glycodeoxycholate induced damage. A degree
of mucosal protection was afforded with glycodeoxycholate con¬
centrations below 20 mM. The protective action of PGE^ was
significantly less pronounced than that of lecithin at all con¬
centrations of glycodeoxycholate, as demonstrated in the figures
for reduction in mucosal permeability:
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Glycodeoxycholate a JC1 aJHC0_ ApD
concentrations
(mM)
L PG L |g L PG
5 bQ% b5% vs.CVI b6% 63% 26%
10 6b% 28% 20% Q% 15% 51%
20 65% 31% 5bt 18% b5% 10%
30 62% 23% 63% 8% b6% 0%
Figures shown represent the percentage reduction in permeability
or change in pD. High values represent a high degree of
"cgtoprotection".
(L = lecithin, PG = prostaglandin E )
PLA^/lysolecithin and lecithin (Table 29, fig. 37A - C).
Lecithin (50 mM) significantly reduced the damage to duct
integrity produced by PLA^ (alone and in combination with
glycodeoxycholate) and lysolecithin. All indices of barrier
damage were significantly reduced (P<C0.001 for each). There
were reductions in mucosal permeability of:
aj. ci" a j. hco^ app
PLA2 57% 56% 66%
PLA? +
glycodeoxycholate 69% 62%> 99%
Lysolecithin 75% ^9%
(Figures shown represent the percentage reduction in permeability
or change in pD).
The changes in mucosal permeability produced by the addition of
lecithin are comparable for these different agents suggesting a
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similar mode of action.
The protective action of lecithin was further emphasized by
ultrastructural examination of the duct cells. Lecithin prevented
the epithelial swelling and vacuolation induced by PLA^, and. the
epithelial disruption produced by the PLA^/glycodeoxycholate
solution was markedly reduced as was that of the lysolecithin.
Thus lecithin had a marked protective action against phospholipase A^
and lysolecithin-induced damage to the mucosal barrier.
Results summary
1. Lecithin (50 mM) significantly protected the pancreatic
duct against all detergent-induced damage.
2. Prostaglandin E given intraductally had a variable
protective action against glycodeoxycholate—induced
damage to the mcuosal barrier. This protection was not
apparent with 30 mM glycodeoxycholate and was always less
than that afforded by lecithin.
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Control5102 GlychodeoxycholateConcentrati n(mM) Fig.39BGDCandlecithinvsBic rbonateflux.
•GDC*+50mMLecithin i1
I
lI ntrol51023 GlychodeoxycholateConcentration(mM) Fig.39CGDandlecithinvs.pote tialdiff rence.
Fig. UOA Electron microscopy after perfusion of duct with Gr&C
(x 5000).
Note cell death and cell shedding.
Fie. UOB Electron microscopy of duct after perfusion with Gtit¬
an d lecithin.
Note normal cell appearance. Only abnormality is
widening of intercellular spaces.
Fig. UOC Electron microscopy after perfusion of duct with GDC
and lecithin (x 11250).



























Il itrol51023 GlychodeoxycholateConcentration(mM) Fig.^1CProsta landinEganGDCvspD.
Discussion
The bile-pancreatic duct of the rat^possess a mucosal harrier
that normally impairs free diffusion of anions and macromolecules
and this barrier appears to be important in maintaining duct integrity.
I have previously shown that the mucosal barrier is broken by a
variety of agents including sterile bile, infected bile,' "pancreatitic"
bile, bile salts, phospholipase and lysolecithin. The present
results indicate that both prostaglandin E^ and lecithin protect the
barrier against damage by varying toxic agents. In this respect the
pancreatic duct mucosal barrier is similar to the gastric mucosal
barrier where "cytoprotection" is afforded by both PGE^ (Robert 1979)
and lecithin (Marriott 198)4).
Administration of prostaglandin E^ by way of intraductal pretreatment
had a varying and incomplete protective action. PGE^ alone produced
no change in the duct epithelium. Whereas PGE2 appeared to give
excellent protection against 5 mM glycodeoxycholate induced barrier
damage, there was an inconsistent and only partial effect on the damage
produced by higher concentrations of bile salts. Indeed PGE2 had
virtually no effect on the mucosal damage produced by 30 mM glycodeoxy¬
cholate as mucosal ultrastructure still showed epithelial disruption
and anionic flux and pD were little changed. Comparison of these results
with the earlier studies of Reber and colleagues (1981a, Tweedie 1981,
Mosley 1981) is difficult because of the many experimental differences.
They used the cat pancreatic duct, perfused 16, 16 DMPGE^ and studied
mucosal damage induced by acidic aspirin or 15 mM glycodeoxycholate.
A closer analysis of their results indicates that mucosal protection
was only afforded at the very high intravenous dose of 50 jig/kg/hr of
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16, 16 DMPGE^ a value far in excess of the effective activity of
100 jig/kg/hr PGE^ used in this study (l6, l6 DMPGE2 is five times
as active as PGEg). Furthermore these authors only examined the
ultrastructural protection afforded by prostaglandin (50 ^ug/kg/hr)
on 15 mM glycodeoxycholate-induced damage (Heber 198la). The present
study is comparable to that reported by Olazabal (1983a)., where he
found that prostaglandins I and E^ had little effect on deoxycholic acid-
induced damage to the rat bile-pancreatic duct. However, Olazabal
only partially measured duct integrity and this experiment has shown
that a full assessment of duct integrity is necessary before definitive
answers can be given with confidence.
Prostaglandins in physiological doses only protected the duct epithelium
against reversible damage induced by low concentration of bile salt. The
widespread epithelial disruption produced by high bile salt concentrations
was relatively "unaffected. Endogenous prostaglandin present in the bile
or duodenum may have a physiological protective role when low bile salt
concentrations are present. Whilst PGE^ has been shown to have definite
gastric cytoprotective properties, its role in mucosal protection of the
pancreatic and bile ducts must remain debateable.
In contrast to the poor mucosal protection afforded by PGEg was that
of lecithin. Lecithin was tested for its efficacy in preventing both
bile salt-and lysolecithin-induced damage to the duct epithelium.
Lecithin alone did not affect duct integrity demonstrating that by
itself lecithin is relatively inert to cell membranes. Barrier damage
produced by glycodeoxycholate was markedly reduced by the addition of
lecithin. Whereas PGEg was only effective against the 5 mM concentration,
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lecithin protected against all concentrations of glycodeoxycholate.
Even with the 30 mM glycodeoxycholate concentration lecithin produced
a significant reduction in permeability change of 50 to 60$. Ultra-
structural examination afforded a morphological correlation of this
protective action. Lecithin reduced both the reversible appearances
of cell swelling, widened intercellular spaces and cell -flattening and
the irreversible appearances of epithelial disruption and cell shedding.
Thus lecithin gave almost complete protection against glycodeoxycholate
C5-30 mM) induced damage. There are several possible explanations for
this action. Firstly^lecithin combines with bile salts to form mixed
micelles which are less toxic to cell membranes. As approximately
2 molecules of lecithin are solubilized by each molecule of bile salt
this would explain the ability of 50 mM lecithin to protect against up
to 30 mM glycodeoxycholate damage. Secondly, lecithin may have a direct
cytoprotective action on biliary, pancreatic and intestinal epithelium
(Heuman 1980, Martin 1981). Thirdly, lecithin may protect against the
direct detergent activity of bile salts. Previous workers have demon¬
strated that lecithin is protective against bile salt-induced damage
to both the gastric (Marriott 1981+) and biliary (Heuman 1980) epithelia.
This study has shown that this protective activity also exists for the
rat bile-pancreatic duct and probably therefore the pancreatic duct
itself.
We have previously shown that phospholipase and lysolecithin have a
pronounced barrier breaking effect. In this study lecithin reduced their
effect on all indices of barrier damage and prevented cell vacuolation
and epithelial disruption. As 1 molecule of lecithin can solubilize up
to 10 molecules of lysolecithin^the lysolecithin:lecithin ratio may be
important in determining bile toxicity. A 50 mM lecithin solution pre-
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vented damage induced by 1% lysolecithin. Martin and Marriott (1981)
have previously commented on the protective action of lecithin to
lysolecithin induced damage of biological membranes. They have
hypothesized that lecithin has a physiological action in protecting
the intestinal tract from both bile salt and lysolecithin induced
injury. This protective action might be compromised with bile reflux
into the stomach which allows lysolecithin and bile salts to directly
attack the gastric epithelium. It is of interest that Poncelet and
Thompson (1972) have shown that the addition of lecithin to lyso¬
lecithin prevented the development of experimental acute pancreatitis.
These observations on the protective quality of lecithin may explain
why both bile salts and lysolecithin alone have a much greater toxicity
than whole bile, although both are present in equal concentrations in
that bile. In whole bile lecithin is closely associated with both lyso¬
lecithin and bile salts, thus reducing their detergent properties. The
presence of lecithin becomes, therefore, of utmost biological importance,
because it protects biliary, pancreatic and intestinal mucosa from the
potentially devastating effects of bile salts and lysolecithin. Lecithin
itself appears to be more important in the physiological protection of
intestinal cell membranes than endogenous prostaglandins. The possibility
that other molecules are involved in pancreatic cyto-protection remains
open to question. Two ratios involving lecithin may affect the toxicity
of bile
(i) lecithin : bile salt
(ii) lecithin : lysolecithin
A reduction in these ratios will increase bile toxicity e.g. by either
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a reduced lecithin level or by increased levels of toxic bile salts
and increased lysolecithin as in infected bile. The level of lecithin
in the bile of patients with pancreatitis is unknown. It is tempting
to speculate that "pancreatitic" bile has a reduced lecithin level with
an associated increase in toxic bile salts and lysolecithin. Indeed
work on this question is now in progress in our laboratory.
Conclusions
1. Prostaglandin (100 jog/kg/hr) was partially protective
against bile salt-induced damage to the bile-pancreatic duct
and this protection was only strong when a 5 mM bile salt
solution was used. The physiological role of endogenous
prostaglandins in mucosal protection in the biliary and pancreat
ducts remains debateable.
2. Lecithin (50 mM) completely protected against bile salt,
phospholipase and lysolecithin induced damage, possibly by
mixed micelle formation.
3. Lecithin levels in bile may determine its pathogenicity with
a reduced level increasing biliary toxicity. In particular the
lecithin:bile salt and :lysolecithin ratios appear to be
important.
h. Analysis of "pancreatitic" bile with regard to the relative
levels of lecithin, bile salt and lysolecithin may hold the








THE BILIARY TRACT IN PATIENTS WITH ACUTE GALLSTONE PANCREATITIS
Acute gallstone pancreatitis (AGP) is a common disease with a
10-15$ mortality rate (Carter 1983). Opie in 1901 described a
patient with fatal haemorrhagic pancreatitis who had a gallstone
impacted at the sphincter of Oddi in the presence of an anatomical
common channel. Since this description the concept of bile reflux
into the pancreatic duct, after gallstone impaction at the ampulla
of Vater, has experienced mixed fortunes. Most clinicians today,
however, recognise that reflux of bile and/or duodenal contents is
of cardinal importance in the pathogenesis of acute pancreatitis.
Until recently several criticisms of bile reflux into the pancreatic
duct remained unanswered;
(i) ampullary stones are present in only 5-7I of cases
coming to surgery,
Cii] patients with jaundice resulting from impaction of
gallstones at the ampulla do not necessarily develop
acute pancreatitis,
and (iii) pancreatitis is only found in 3.6 - 6.5$ of patients
undergoing surgery for gallstones (Ranson 1979).
A major obstacle to acceptance of the hypothesis of gallstone impaction
in the genesis of acute pancreatitis has been the observation that only
about 10-20$ of patients who have had attacks of pancreatitis prove to
have gallstones in the common bile duct at the time of biliary surgery.
For examplejGoebell and Hotz (1979) in a review of some 1^50 collected
cases of gallstone pancreatitis found that gallstones were present in
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the gallbladder alone in 72% of patients, in the common bile duct in
20%, and impacted at the ampulla of vater in only 2%. These
observations prompted Acosta (197M and Kelly (1976) to develop the
theory of gallstone migration as a cause of acute pancreatitis.
Gallstone migration
Acosta in 197^ reported a classic study on acute gallstone
pancreatitis. This was indeed pioneering work and perhaps the most
significant advance in gallstone pancreatitis ideology since the
initial observations of Opie in 1901. Acosta and Ledesma (197*0
screened the stools of 36 patients with acute gallstone pancreatitis
(AGP) by sieving all the faeces for 10 days after the attack using
a 1 mm pore filter. A parallel control series of patients with
gallstones but without acute pancreatitis were similarly evaluated}
presence of gallstones
in the faeces
pancreatitis (36) 3^/36 (9*+%)
P <0.001
No pancreatitis (36) 3/36 (8%)
(Acosta and Ledesma, 197*0
A single stone was found in 2b patients, and two or more stones
(up to 80) were identified in the remaining 10 patients. The patients
who had only one attack of pancreatitis usually eliminated a single
stone, whereas the finding of several stones was frequently associated
with recurrent attacks of pancreatitis. The size of the calculi found
in the stools ranged from 1 to 15 mm and in every case the stones in the
faeces were identical, both physically and chemically, to those later
removed from the gallbladder. Acosta and Ledesma concluded: "the
temporal sequence between pancreatic crisis and the appearance of stones
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in the faeces strongly suggests that acute pancreatitis developed in
these patients as a result of an ephemeral mechanical blockage of the
ampulla that, in turn, was caused by migrating stones. The finding
of small-sized stones in the faeces, in association with an apparently
functioning gallbladder containing identical stones, identifies' the
gallbladder as a major source of migrating stones. The finding of
stones in the faeces of only three control cases suggests that calculi
seldom migrate without producing acute pancreatitis".
Kelly in 1976 repeated Acosta's earlier work. He studied 1+5 patients
with AGP and a similar control groupJ
presence of gallstones
in the faeces
pancreatitis (1+5) 38/1+5 (81+$)
P< 0.001
No pancreatitis (1+5) 5/1+5 (11$)
(Kelly 1976)
One stone was passed by 27 patients and two to 25 stones by the
remaining 11 patients. The stones ranged from one to 12 mm in size.
Each individual's calculi, found in the stool and at operation, were
similar grossly and identical chemically. He later reported on an
increased number of patients (Kelly 1980) with AGP and found stones in
the faeces of 123/11+3 patients (86$).
These observations stimulated the development of the "migratory stone"
concept; i.e. pancreatitis develops when a stone migrates from the
gallbladder and impacts temporarily at the ampulla of Vater, causing
reflux into the pancreas. The stone then passes through the ampulla and
continues its journey into the gastrointestinal tract. Failure to recover
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stones from the faeces in 6-15% of patients with AGP may be due to
(i) the stone remains embedded in the ampulla or refluxes
into the common bile duct. This may explain why only 5-8$
of stones are found impacted at the time of operation.
Cii) stones smaller than 1mm in diameter, and thus not
detected in the faeces, may be responsible.
More recently, Mayer and McMahon (1983) from Leeds have found stones
in the faeces in 35A3 patients (8l%) of patients following an attack
of AGP. Very few of the stones retrieved were above 5 mm in diameter.
The concept of gallstone migration is of paramount importance in the
understanding of AGP. Small stones in the gallbladder migrate through
the ampulla of Vater and into the gut. A summary of collected figures




No pancreatitis 8/8l (10$)
(Acosta 197U, Kelly 1976, Kelly 1980, Mayer 1983)
Recurrent gallstone pancreatitis
Further evidence for gallstone migration being responsible for AGP has
come from Kelly (1982). He studied 35 patients who had previous surgery
for gallstone pancreatitis involving cholecystectomy and removal of
gallstones (1-12 years previously). All 35 patients presented with
recurrent stones in the common bile duct and 92$ had a recurrent attack
of pancreatitis. Interestingly recovery of stones from the faeces in
this group of patients was only 37$ > although these recovered stones
were all small (<8 mm) suggesting that bigger stones were retained in
-220-
the common bile duct. This study emphasized the importance of complete
operative clearance of the biliary tree of stones. Gallstones passing
through the ampulla of Vater are mechanical initiators of inflammation
and removal of all stones obviates recurrent attacks of AGP. If stones
recur or are retained then further attacks of AGP are to be expected
as the same anatomical and physiological arrangements in- the bile and
pancreatic ducts are present. In patients with pancreatitis and chole¬
lithiasis, surgical treatment of biliary disease reduces the risk of
recurrent pancreatitis from 36-63% to 2-8% (Ranson 1979).
Timing of surgery in pancreatitis
If migration of gallstones is truely the cause of AGP then earlier
operations should be associated with more stones being found in the
common bile duct. Conversely if one operates later, as was until
recently standard surgical practice, then far fewer stones are present
as most have migrated into the duodenum.
Acosta and colleagues (1978) studied a group of patients with AGP,
in whom surgery was performed within 1+8 hours of the onset of symptoms.
In the 1+6 patients undergoing early surgery all had macroscopic evidence
of acute pancreatitis. Choledocholithiasis was present in 38/1+6 patients
(83%) and in 33 (72%) a gallstone was impacted at the ampulla. An update
on 78 patients was reported by Acosta and associates' in 1980 when they
found the time of surgery after the onset of AGP to be closely related
to biliary pathology}
time of Number of Number with
operation patients Ampullary stones
(days)
0-2 55 M/55 (75%)
3-1+ 11 5/11 (1+5%)
>5 12 3/12 (25%)
-221- (Acosta 1980)
The stones removed from the ampulla were small, ranging from 2 to 6 mm
in diameter, and in each case the similarity between the stones removed
from the gallbladder identified the latter as the major source of
migrating stones.
Kelly (1980) in the same year examined the findings at surgery in
2k patients with AGP who underwent surgery within 1+8 hours of an acute
attack. Of these 2k patients,choledocholithiasis was present in 17 and
15 (63$) had impacted ampullary stones. 132 patients underwent surgery
later in the same admission at 5~8 days. In this group only 5 patients
had evidence of ampullary stones. These results are summarized belowj
time of Number with Number with





By delaying surgery most patients resolve their pancreatitis by endo¬
genous disimpaction of the ampullary stones into the gut.
Stone and co-workers (1981) reported a controlled trial in which
65 patients with AGP were randomly selected for early (within 73 hours)
or late (3 months) biliary operations. At early operation (36 patients)
pancreatitis was in the acute oedematous form in 29 patients, necrotizing
in six and haemorrhagic in one. Acute inflammatory changes were seen
in three patients undergoing late surgery. The locations of the gallstones
at the time of operation werej
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location of Early Late
gallstones operation operation
gallbladder 971 100%
common duct 75% 28% P <0.02
duodenum 31% 0% P <0.01
(Stone 1981)
The distal choledochus and ampulla were inflamed in 89% of the patients
who underwent early operations, but in only 17% operated upon electively
(P<0.01). Concomitant acute cholecystitis was present in 31% of patients
where surgery was performed early and in only 3% of late operation.
Stone and colleagues also remarked on the sudden "gush" of pancreatic
juice when the ampulla was opened. This data further supports the
concept that biliary pancreatitis is probably initiated by gallstone
passage through, or lodgment at, the ampulla of Vater. The resultant
ampullary oedema with or without gallstone impaction appears to be the
anatomic cause forok^tactioA and major pancreatic duct CC$\a> v. with
subsequent pancreatitis. It is of interest that relief of the ampullary
obstruction produced early recovery from acute pancreatitis.
Further evidence on stone passage down the biliary tree has been
afforded by Paloyan (1975) Osborne (1981) and Carter (1983a,b). These
authors commented on the increased incidence of choledochal and ampullary
stones the earlier surgery was undertaken during AGP. The advocates of
surgery during the same admission in AGP point to the high incidence of
recurrent pancreatitis whilst the patient is awaiting elective admission.
Whilst these patients still have stones in the gallbladder and biliary
tree there is a high chance of stone migration causing further attacks of
pancreatic inflammation.
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Recently Safrany and Cotton (1981) and Rosseland (198*0 performed
early ERCP and sphincterotomy for acute gallstone pancreatitis. They
noted the high incidence of oedema of the ampulla and the large number
of impacted stones that could be directly visualized. Endoscopic
removal of the stones resulted in a rapid reduction of pancreatic
inflammation. These reports, although containing small numbers of
patients, serve to reinforce the concept of gallstone migration.
If biliary surgery is performed at a later date after an attack of
AGP ( y^6 weeks) then the incidence of choledocholithiasis is similar to
that of patients -without a previous pancreatic history. Taylor and
associates (1983) have recently studied factors that are associated
with the presence of common bile duct stones. They found that a
past history of acute gallstone pancreatitis ( >6 weeks) was not
associated with an increased incidence of choledocholithiasis. As
the majority of gallstones producing AGP are small and migrate through
the ampulla within a few days this finding is not surprising. It does,
however, explain the low incidence of ampullary stones in patients
undergoing elective surgery after an attack of AGP.
Gallstones in acute gallstone pancreatitis
Many surgeons have commented on the small size and high number of
gallbladder stones in patients with AGP. Acosta (197*0 anh Kelly (1976)
have shown that stones recovered from the faeces, and thus responsible
for initiating the pancreatic inflammation, are small and generally less
than 5-8 mm in diameter. This measurement might, however, be self
selective as the larger stones are retained in the common bile duct.
Both Acosta (l97^s 1980) and Kelly (1976, 1980) .. stress that those
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patients with AGP have small stones in the gallbladder which are
similar to those found in the faeces. Early operative intervention
has demonstrated that impacted ampullary stones are small (2-6 mm) and
in those patients with associated pancreatic duct reflux the stones are
even smaller ( <3 mm) (Acosta 1980). The chemical nature of gallstones
inducing AGP has been studied only briefly. Acosta (197*0 demonstrated
a chemical makeup similar to that of gallstones in patients without
pancreatic inflammation. Kelly (1976) found 82% of the gallstones to
be cholesterol, 15% to be pigmented and one patient to have calcium
bilirubinate stones, implying that the chemical nature of gallstones is
not different in patients with AGP.
McMahon and Shefta (1980) examined the physical characteristics of <a



























The gallstones associated with AGP are smaller, more numerous, lighter
and more irregular than those found in control patients. All these
physical characteristics fit with the concept of gallstone migration and
temporary ampullary impaction.
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Cystic duct diameter and flow
McMahon and Shefta (1980) have produced the only data available on
the size of the cystic duct in patients with AGP. They did not measure
the width of the duct directly "but instead employed the ingenious
technique of flow through the cystic duct at a constant head of pressure
over a given time. As patients with pancreatitis transmitted sighificantly
larger volumes than controls (282+196 ml vs 13^+168 ml, P<0.01) the
cystic duct of patients with gallstone pancreatitis was larger than that
wifkoot A&P.
of controls^ The functional calibre of the cystic duct may be important
in facilitating transfer of gallstones from the gallbladder into the
common bile duct . As flow through a tube is highly dependent on the
radius of that tube, patients with AGP also have a wider cystic duct than
that of controls. There has not, however, to my knowledge been any
study of the actual diameter of the cystic duct in vivo.
Common bile duct diameter and pancreatitis
The size of the common bile duct is a valuable clue to the presence of
biliary obstruction as patients with stones either present or recently
passed from the common bile duct tend to have larger ducts. In the
context of gallstone migration from the gallbladder down the common
bile duct and through the ampulla a degree of choledochal and pancreatic
duct obstruction must occur in patients with pancreatitis. Osborne and
colleagues (1983) analyzed the operative cholangiograms of patients
undergoing biliary operation following an attack of AGP. They measured
common bile duct diameter in the presence and absence of choledocho-
lithiasis thus^
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Mean common "bile duct diameter (mm)
pancreatitis No pancreatitis
C&b stones present 11.2+2.6 12.3+2.5 NS
C6k stones absent 10.5+3.2 8.3+2.5 P< 0.001
NS P< 0.001
(Osborne 1983)
A greater mean common bile duct diameter was also seen in patients
undergoing surgery within U weeks of the attack of acute pancreatitis
(ll.5jt3.1 than in those who had delayed surgery (9-2+2.5» P<0.05).
These results indicate that firstly the common bile duct is wider in
patients after an attack of AGP despite the absence of choledochal stones,
and secondly the width of the common bile duct is greater the earlier
surgery is performed after AGP. This simple study supports the concept
of gallstone migration with temporary obstruction of the common bile
duct.
Csendes (1979) measured the size of the common bile duct at ERCP
examination and found the mean size in controls to be 6.0+1.5 mm. In
those patients with gallbladder stones alone the diameter of the common
bile duct was 10.3+0.8 mm and in those patients with choledochal stones
the size was 16.3+1.3 mm.
It remains uncertain, however, whether the increased size of the common
bile duct in AGP is primary, thus facilitating stone migration, or
secondary to temporary obstruction. Moreover the relationship between
common bile duct diameter, cystic duct diameter and the number and size
of gallstones has yet to be clarified.
V
Pancreatic Duct Reflux (PDR)
PDR is commonly observed at operative cholangiography, but its
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significance is uncertain. Schulenberg (l966) suggested that it
had no clinical importance whereas Cuschieri (1973) found that 27I
of pancreatic ducts into which reflux occurred were abnormal. The
reported incidence in patients undergoing biliary surgery varies from
8 to 35 per cent (Cuschieri 1973, Taylor 1980, Ivy 1952, Schulenberg 1966).
The first study of note was reported by Howell and Bergh (1950) who
studied PDR by injecting contrast media down a T-tube. In 18 patients
with previous pancreatitis PDR was seen in lU (78$) whereas PDR was
present in only 13A7 (28I) of patients with biliary disease alone.
Most cases showing PDR developed an increase in amylase levels indicating
that reflux might be of significance. They further injected bile into
patients with PDR and determined a marked rise in amylase in all of
these (this study would now be considered unethical).
Cuschieri and Hughes (1972, 1973) performed an elegant series of
experiments on PDR using closely controlled conditions. They studied
211 patients and found pancreatic duct reflux in 31 cases (15 A$).
Eight of the 31 pancreatograms showed an abnormal pancreatic duct with
dilatation being the most obvious abnormality. There was no relationship
between PDR and the presence of choledochal stones; PDR was seen in 11%
with stones and in 15$ without. Reflux of contrast medium into the
pancreatic duct was associated with a low resting choledochal pressure
(mean 2.3 mm, range 0-6 mm Hg). From these findings the authors concluded
that PDR was not associated with either obstructive pathology of the
lower choledochus or biliary hypertension.
Since the reports of Cuschieri and Hughes there have been several
references to the incidence of PDR during operative cholangiography in
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relation to previous gallstone pancreatitis. Kelly (1976) found
PDR in 67% of patients with gallstone pancreatitis in contrast
to only 18% in a control group. Later the same author (Kelly 1980)
found PDR to occur in 87% of patients with recurrent pancreatitis.
Acosta (1980), in contrast, demonstrated a lower incidence of PDR in
the acute pancreatitis situation. This study was not, however, comparable
to the other reports as the operation was carried out within i+8 hours
of the attack of AGP and stones were frequently found blocking the
ampulla.
Schein and Beneventano (1968) found PDR in 9 of 20 patients when Co^hres^ uJ<5S
infused down a T-tube. They found the average pressure required
for pancreatic duct filling was 23 cm IkO and there was no correlation
between the length of duct visualized and the filling pressure.
Importantly pancreatic duct filling was painless. Further reports by
Carey (1975) and Thurston (1975) have emphasized the increased incidence
of PDR in patients with pancreatitis, although it would appear that
PDR is a normal harmless event in some patients.
Taylor and Rimmer (198O) have recently commented on the high incidence
of PDR in patients with pancreatitis. They studied the operative
cholangiograms of 292 consecutive patients undergoing biliary surgery
with the findings summarized belowj
Number
with PDR (%)
Total 56/292 - 19.2JS
pancreatitis 11/21 - 52.k%
P< 0.001
No pancreatitis L5/27I 16.6%
(Taylor 1980)
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There was no relationship between PDR and choledocholithiasis,
jaundice, bile duct diameter and nor could the length of reflux be
related to acute gallstone pancreatitis. Interestingly more men had
evidence of PDR in relation to previous pancreatitis. This study
demonstrated an increased predisposition to the reflux of biliary contents
into the pancreatic duct, irrespective of choledochal patholc^y, in
patients with previous pancreatitis. This association between acute
gallstone pancreatitis and PDR has since been confirmed by Osborne and
colleagues (1983) who described PDR in 21A9 patients with pancreatitis
in contrast to only 11/50 of controls.
Thomas and co-workers (1983) recently reported briefly on the
relationship between PDR and serum amylase levels. They could find no
correlation between PDR and an elevated serum amylase, and found that
hyperamylasemia more commonly followed surgical trauma to the sphincter
of Oddi. These authors also suggested that the presence of pancreatic
duct filling during cholangiography probably underestimates the frequency
with which pancreatic duct reflux can occur.
Reports of PDR seen on operative cholangiography can be summarized as:
(i) PDR occurs in some patients without pancreatic disease,
(ii) patients with a history of AGP have a much higher incidence
of PDR than those with gallstones alone.
(iii) PDR is not related to choledochal stones.
The overall incidence of PDR is 15~35%. In patients without pancreatic
disease it is 15-20% and in those with previous pancreatitis 55~65%
(P<0.001).
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There have not to my knowledge been reports of the relationship
between pancreatic duct reflux and the size of the pancreatic duct,
the size of the common bile duct, the length of the common channel and
the length of pancreatic duct filling.
Pancreatic Duct Diameter
The recent advent of ERCP examination has enabled the diameter of the
pancreatic duct to be measured. Anacker (1977) has commented on the
size of the normal pancreatic duct and has stated that the normal size
in the head of the gland is 2-3 mm with a wide range of normality
(1-6 mm). Furthermore the bile duct diameter is usually twice that
of the pancreatic duct. Csendes and associates (1979) reported on the
size of the pancreatic duct in relationship to common bile duct size
and biliary pathology. Their figures (mean SD) are given below}
diameter of diameter of
Patients common bile duct (mm) pancreatic duct (mm)
normals 6.0+1.5 2.0+0.2
stones in gallbladder 10.3+3.8 5«3^K).h
stones in common bile
duct 16.3+1.3 5.3+O.U
(Csendes 1979)
The presence of stones in the biliary tract is thus associated with
an increased diameter of the pancreatic duct.
Common Channel
Many studies have investigated the anatomy of the pancreatobiliary
junction. Ivy (1952), in an exhaustive review of previously published
reports, found that a functioning common channel was present in approx¬
imately 70% of specimens. Hand (1963), in an anatomical review of 30
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papers covering 3,000 dissections of the ampulla of Vater, reported that
a common channel was present in about 80% of the patients and in 56%
of patients this common channel was 5 mm or less in length. Length
of the common channel is important when considering possible PDR after
temporary impaction of a small stone (often <3 mm in diameter). Kelly
(1976) reported on the relationship between gallstone pancreatitis,
gallstone migration and a common channel. He found a functioning common
channel in 79% of patients who had stones recovered from the faeces. He
also made the interesting observation that a functioning common channel not
only favoured reflux but also stone passage. A later report from Kelly
(1982) demonstrated 87% of patients with AGP to have a functional
common channel. Despite these observations there has been no reported
details on the relationship between the length of the common channel,
pancreatic duct reflux and gallstones.
Summary
A number of reports on varying aspects of the biliary tract in relation¬
ship to acute gallstone pancreatitis can be summarized as:
1. Acute pancreatitis occurs in only 3~7% of patients with
gallstones.
2. Stones are found in the faeces of most patients after an attack
of AGP. These stones tend to be small and derive from the
gallbladder.
3. The earlier surgery is performed during AGP the more often are
ampullary stones and oedema noted.
1+. Delayed surgery (> k weeks) results in a low incidence of
choledocholithiasis as the stones have passed into the gut
by this time.
-232-
5. The gallstones in patients with AGP tend to he smaller,
lighter, more irregular and more numerous than in control
patients.
6. The cystic duct is wider in patients with AGP suggesting
easier passage of gallstones.
7. The common bile duct is wider after an attack .of AGP
regardless of the presence of choledocholithiasis, suggesting
temporary biliary obstruction by a migrating gallstone.
8. There is an increased incidence of PDR in patients with
pancreatitis.
9. A functioning common channel is often found in association
with PDR in patients with pancreatitis.
10. The theory of gallstone migration now appears well proven.
There is a need to measure all the biliary tract characteristics in
patients with AGP, as to date authors have concentrated on various





To establish the characteristics of the biliary tract in patients
with gallstone pancreatitis as compared with those patients without
pancreatic disease (controls).
Acute gallstone pancreatitis:
This was defined as acute pancreatitis initiated by gallstones
i.e.
(i) No history of alcohol or other predisposing cause.
(ii) Proven gallstones at operation.
Ciii] Proven acute pancreatitis by - operation.
of - clinical picture, with raised
serum amylase.
Operations were carried out at one day to 5 weeks after the attack
of pancreatitis. During the last 2 years of the study there was an
increasing tendency to operate earlier in the recovery period and
within the same admission. This difference in the operative policy
will be later discussed in relation to biliary pathology.
Patients
The series consisted of 66k consecutive patients undergoing cholecyst¬
ectomy in the Department of Surgical Gastroenterology, Boyal Infirmary,
Manchester during the period 1978 to 1983. All were studied prospectively
with a post-operative follow up of 9 months to 5 years (most greater
than 18 months). Ten patients died in the post-operative period giving
a mortality rate of 1.5$.
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Factors assessed
The following 21 factors were assessed in these patients (see later
for individual details of each factor).
1. age
2. sex
3. jaundice (Bilirubin > 50 jjmol/l; normal range 3-17)
h. operative findings vs time of operation
5. post-operative mortality
6. post-operative morbidity
7. number of gallbladder stones
8. size of gallbladder stones (mm), smallest and largest
9. diameter cystic duct (mm)
10. squeeze test (see later)
11. number of choledochal stones
12. size of choledochal stones (mm)
13(1) diameter common bile duct; dilated or not
( ii)size of common bile duct on cholangiography (mm)
lb. duodenal filling on cholangiography
15. pancreatic duct reflux (PDF) on cholangiography.
Where PDR was present several additional factors
were measured.
l6. clinical features
17- size pancreatic duct at maximum diameter (mm)
18. angle of reflux (degrees), namely the angle between the
bile and pancreatic ducts
19. length of reflux down pancreatic duct (mm)
20. length of common channel (mm)
21. long term follow up
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The various measurements carried out are summarized in fig. b2.
Operative cholangiography
Hypaque (20%) was injected into the biliary tree through either
direct needle puncture or via a cannula in the cystic duct. Three films
were taken after injection of 3S 8 and 15 mis of contrast respectively.
Measurements were performed on the first film.
Statistical methods
All variables were entered into a computer with the aid of the
Department of Computation, University of Manchester. Statistical
significance was assessed by either univariate or multivariate analysis.
The following non-parametric statistical methods were used, with
P<0.05 being regarded as significant.
Chi-square (X^), standard score (z value).
Rank sum tests - Wilcoxon, Spearman.
Fishers exact test for small numbers.
Mann-Whitney U test, student's t test.
Multiple logistic regression.





52 patients had a definite history of acute gallstone pancreatitis
giving an overall incidence of 7-8$ for patients with gallstones over
the study period.
No. of Patients ($)
gallstone pancreatitis 52 (7.8$)
No pancreatitis (controls) 6l2 (92.2$)
Total 66k
1. Age (66- patients)
There was no significant difference between the age of
patients with and without AGP.
pancreatitis median age 5^.5 (range 23~76)
No pancreatitis median age 51.7 (range 15-88)
P = 0.23
2. Sex (66 patients)
Of the 52 patients with AGP 25 were male and 27 female. A
comparison of this ratio to that of control patients revealed
that significantly more males with gallstones developed
pancreatitis.
pancreatitis No pancreatitis Total
male 25 1^9 17^
female 27 k§0_ k&]_
52 609 66l
X2 = 12.6, P = 0.000k
Of the patients who had previous pancreatitis kQ% were male and
52$ female. In contrast, of the control patients only 2k.5%
were male and 75-5% female.
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3. Jaundice (66k patients)
There was no difference between the number of patients with and
without AGP as regards the presence of pre-operative jaundice.
pancreatitis No pancreatitis Total
jaundice 10 127 137
No jaundice k2_ ^85 527
52 612 66k
X2 = 0.07, P>0.1
pancreatitis : 19.2# jaundiced, 80.8# not.
No pancreatitis : 20.7# jaundiced, 79*3# not.
i*o H>£.
k. Operative findings}. time of operation (52 patients)
The time of operation after the initial attack of acute
gallstone pancreatitis was arbitrarily divided into 0-2 days,
3-7 days, 8-21 days and 22 days The figures for the number of











0-2 3 3 2 (67#) 2 (67#)
3-7 8 8 k (50#) 2 (50#)
8-21 17 17 k (23.5#) 1 (6#)
> 22 2k 2k 3 (12.5#) 1 (k.2%)
overall 52 52(100#) 13(25#) 6 (11.5#)
Thus the earlier the operation the greater chance of finding
stones both in the common bile duct and impacted at the ampulla
of Vater.
5. Operative mortality rate (66k patients)
Although there was an increased mortality rate in patients
undergoing operation for AGP (5-77% vs l.lk%; X2 = 6.91, P<0.0l)
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the two groups were not comparable as
(i) a number of patients underwent operation for failure
of the pancreatitis to settle and were thus a high risk
group.
(ii) more common bile duct exploration were carried out in
patients with pancreatitis, with its attendent increased
morbidity and mortality.
pancreatitis No pancreatitis Total
recovered b9 605 65b
died _3 7 10
52 612 66b
x2 = 6.91, P<0.01
The causes of death in the AGP group were; acute haemorrhagic
pancreatitis with septicaemia, acute haemorrhagic pancreatitis
with pancreatic abscess and renal failure. The
causes of death in the patients without pancreatitis were
cardio-respiratory problems (3), septicaemia (2), gastro¬
intestinal bleeding (l) and renal failure (l).
6. Postoperative morbidity (66b patients)
The only postoperative complication that was more common in
patients with AGP was that of wound infection.
pancreatitis No pancreatitis Total
wound infection 7 38 b^
No wound infection b$_ 5Jb 619
52 612 66b
X2 = 3.99, P <0.05
There was no difference in the incidence of wound dehiscence,
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subphrenic abscess, respiratory and cardiac problems and retained
stones between the two groups of patients. One patient in
each group developed postoperative pancreatitis.
7. Number of gallbladder stones (661* patients) (fig. 1*3)
These were counted on opening the gallbladder at the end of the
operation and scored 0 to 10 and multiple. Multiple ranged from
11 to 100's of small stones making an exact measurement of the
number difficult and multiple was therefore arbitrarily coded
UcudL
as 30. Patients with AGP jappoarod to have more stones in their
gallbladders, a result of marginal significance.
pancreatitis No pancreatitis
Number of patients 52 612
mean rank of number
of gallstones 378.8 328.6
mean +_ SD
number of stones 21.1*6+13.11 16. 69jill* • 31
median Grange) 29.8 (1-30) 29.6 (l-30)
Z = 1.9916, P = 0.01*64
8. Size of gallbladder stones (196 patients)
On removal of the gallstones the sizes of the smallest and
largest stones were measured to the nearest mm by a caliper.
The smallest measurement was used for study purposes as it is
now well established that it is these small stones that are
responsible for AGP.
Patients with AGP had smaller stones than those without (fig. 1*1*)
-2l+0-
pancreatitis No pancreatitis
Number of patients 22 17^
mean rank of size
of gallstones 59-73 103.b
mean _+ SD
diameter (mm) 2.68+_3.^3 U.6U+U.10
median diameter
(range) 1.7 (l-lU) 3.lk (1-25)
Z = -3.1+U8, P = 0.0006
There was no significant difference between the size of the
largest gallstone: 7-05+3.56 vs 9-18+5-3^ mm.
9. Diameter cystic duct (^27 patients)
The diameter of the cystic duct close to its entrance to the
common bile duct was measured carefully at operation to the
nearest mm. Patients with AGP had a significantly larger
cystic duct than those without pancreatic disease (fig. ^5)-
pancreatitis No pancreatitis
Number of patients 3^- 393
mean rank of cystic
duct size 292.1 207.2
mean _+ SD
diameter (mm) U.9^2.29 3.68+_2.0H
median diameter
(range) U.62 (1-12) 3.1 (2-18)
Z = 3.96, P = 0.001
10. "squeeze" test (178 patients)
At the end of cholecystectomy the gallbladder was examined
intact and the cystic duct ligature was carefully removed.
Manual pressure (squeeze) was applied to the fundus of the
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gallbladder in an attempt to squeeze the stone out of the
cystic duct. Every attempt was made to expel gallstones from
the cystic duct. The result of the squeeze test was graded as
- nothing expelled
- debris only expelled from the duct
- debris and stones squeezed out
The results of the "squeeze" test are given below
result nil debris stones
pancreatitis (22) 7 U 11
No pancreatitis (156) 108 31 17
Of all the patients 115/178 {6b.6%) had a negative test;
35/178 (.19.7$) produced debris; and 28/178 (15-7%) produced
gallstones. Analyzing the results as percentages.
nil debris stones
pancreatitis 31.8$ 18.2$ 50$
No pancreatitis 69.2$ 19-9$ 10.9$
Significance PC0.01 N.S. P<0.01
for overall trend = 2U.11, P<0.0001
Thus patients with AGP produced stones more often on squeezing
than those without pancreatic disease. This may be as a result
of patients with AGP having
(i) smaller gallbladder stones
(ii) wider cystic ducts
Number of choledochal stones {66b patients)
More patients with pancreatitis had choledocholithiasis than
those without pancreatic disease.
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pancreatitis No pancreatitis Total
stones in common 13 {23%) 8l (13$) 9*+
bile duct
No stones 39 (75$) 531 (87$) 970
52 612 66k
X2 = k.5, P = 0.033
There was, however, no difference in the actual number of
stones present in the common bile duct.
12. Size of choledochal stones (196 patients)
There was no difference in the size of the choledochal stones
in patients with and without AGP.
13. Diameter common bile duct(Cfefr)
(i) {66k patientswas first assessed at operation as
being
(a) dilated > 10mm.
or (b) non-dilated<10mm.
AGP was associated with a significantly increased incidence of
duct dilation.
pancreatitis No pancreatitis Total
dilated 22 112 13U
non-dilated 30 900 930
92 612 66k
x2 = 19.7, P = 0.0001
Thus of those patients with AGP k2% had a dilated duct
whereas only 18$ without pancreatitis had evidence of such
dilation.
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(ii) The diameter of the common bile duct was more
accurately measured in 5^8 of the 66k patients. This
was assessed at operative cholangiography by means of
caliper as being the widest diameter to the nearest mm
(fig. k6). As the presence or absence of choledochal
stones is important in determining duct diameter, these
patients were subdivided into
(a) those with choledochal stones (N = 86)
There was no significant difference in duct size between




mean rank 5^-8 k6.3
mean _+ SD
diameter (mm) 10.8+1.7 11.0+_2.1
median
diameter (mm) 11.0 12.0
Z = 1.29k, P = 0.196
(b) those without choledochal stones (N = h62)
The common bile duct diameter was bigger in patients with
a history of AGP in the absence of choledochal stones. This




mean rank 3^7 280.98




Z = 2.96, P = 0.0031
-2kk-
Early operations (within 7 days) in the AGP patients
were associated with a significantly wider duct than
late operations (P<^0.01).
14. Duodenal filling (528 patients)
Duodenal filling was assessed on the operative cholangiogram
as occurring on the 1st, 2nd or 3rd film. Those without
duodenal filling on any film were scored 0. There was





Mean rank 239.8 266.7
Median 1.393 2.516
Z = 1.97, P = 0.0^9
15. Pancreatic Duct Reflux (54-0 patients)
Pancreatic duct reflux (PDR) occurred in 104 cholangiograms,
an overall incidence of 19.3$.
There was an increased incidence of PDR in patients with
pancreatitis (56.8$ vs 15.9$).
pancreatitis No pancreatitis Total
Number with
PDR 25 79 104
Number without
PDR 19 U17 436
44 U96 5U0
x2 = 50.76, P< 0.0001
Examples of PDR are given in figs. 47A - D.
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PDR - clinical features
10U patients had PDR on their operative cholangiogram. Of
these 25 had a past history of pancreatitis and 79 had no such
history. These 10l+ patients were analysed for various features
to determine whether differences were present between those
patients with and without AGP.
(a) sex.
pancreatitis Mo pancreatitis
Males 12 (U8*) 22 (27*)
Females 13 (52*) 57 (13%)




(range) 58 (2^-76) b6.2 (18-78)
Mean + SD 5^.5+16.11 U6.5+16.5
t = 2.15, P< 0.02
Patients with pancreatitis were significantly older.
(c) jaundice.
pancreatitis No pancreatitis
jaundice U (l6*) 18 (23*)
No jaundice 21 (8!+*) 6l (77*)
2 ...
X =0.21, not significant.
(d) common bile duct stones.
pancreatitis No pancreatitis
Stones 10 (b0%) 7 (9*)
No stones 15 (60*) 72 (91*)
X2 = 13.U6, P <0.001
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There was a highly significant difference between the two
groups of patients with respect to the presence of choledochal
stones. Patients with a history of pancreatitis and PDR had
stones present in the common bile duct far more frequently
than those without pancreatic disease.
IT. Size of the pancreatic duct (k3 patients) (fig. k2).
This was measured on the cholangiogram by caliper to the
nearest mm in its widest portion. The pancreatic duct was






diameter (mm) 3.8jp.9 2.13+0.8
Median {range)
diameter (mm) 3.5 (2-6) 2.0 (1-^0
U = 63.5, P = 0.000017
18. Angle of reflux (k3 patients) (fig. b2).
The angle between the distal common bile duct and pancreatic
duct was measured by protractor to the nearest five degrees on
the operative cholangiogram. The angle of reflux was greater





angle (°) 31.^lO 22.3+9
Median (range)
angle (°) 31 (15"52) 20 (8-50)
t = 3.07, P<0.01
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19. Length of reflux (lOl+ patients) (fig. 1+2).
The maximum extent of reflux down the pancreatic duct on the




Mean _+ SD. extent
of reflux (mm) 30.96+19.9 38.63jt.30.86
Median (range)
extent (mm) 27.25 (5~90) 27.25 (7-155)
t = 1.1+1+, not significant.
The length of reflux was similar in the two groups of
patient s.
20. Length of common channel (1+3 patients) (fig. 1+2).
The length of the common channel was measured by caliper to
the nearest mm on those operative cholangiograms where PDR
occurred. There was a wide variation in the length (2-1+1+ mm).
Patients with pancreatitis had a longer common





length of common 8 (1+-16) 1+ (2-1+1+)
channel (mm)
u = 98.5, P = 0.0015
21. Long term follow up (661+ patients).
Of the 52 AGP patients none developed recurrent gallstones
or another attack of acute pancreatitis Two developed signs
-2l+8-
of pancreatic insufficiency but in both of these alcohol was
jkiTtora
thought to be a contributing factor
None of the 612 control patients developed acute pancreatitis
despite seven returning with recurrent choledochal stones.
The significant results between the two groups of patients are
summarized in table 30.
-2U9-














































































































































Numberof30,290,15 patients Fig.h6Sizeofcommonb lduct
Pancreatitis(n=45,m diansize11.0) Nopancreatitis(n=496,mediansize7.51) p<0.001 106,1464,7
29,7
Fig. k"JA Operative cholangiogram: Pancreatic duct
reflux down whole pancreatic duct.
Note long common channel {kk mm).
angle of reflux 32°.
Fig. frTB Operative cholangiogram. Pancreatic-duct
reflux.
Note stones in common "bile duct,
ampulla in third part of duodenum.
Fig. U?C Operative cholangiogram showing Pancreatic - Duct
Reflux.
Note loop in pancreatic duct.
Fig. HTD Operative Cholangiogram. Pancreatic-Duct Beflux.
Note duodenal diverticulum.
Discussion
This prospective study has collected a large data base on a group
of patients with cholelithiasis. Of these 66k patients#52 {"J. 8%)
had suffered an attack of acute gallstone pancreatitis, an incidence
slightly higher than that quoted in the literature (Braganza 1983b,
Carter 1983, Ranson 1979). Males with gallstones were at greater
risk than females of developing AGP as in this study k8% of patients
with AGP were male compared with only 2k% of-those without a Ki'sfectj
pa**c.r«6.-htVs. The reason for this observation is unclear although it has
been previously noted (Taylor 1981). There was no significant difference
between the two groups of patients (AGP present or not) as regards age
and a history of jaundice.
It is well recognized that the timing of biliary surgery, following an
attack of pancreatitis, greatly influences the operative findings as
the earlier one operates the more frequently are stones found in the
common bile duct and at the ampulla of Vater. In this study the timing
of surgery was compared with the common bile duct and ampullary findings.
Only three patients underwent urgent early surgery (<2 days) and of these
two had choleaochal stones with stones also impacted at the ampulla.
These figures are similar to the findings of Acosta (1980) and Stone
(l98l), who demonstrated impacted stones in 75% of patients undergoing
surgery at less than two days.
The more delayed is surgery after an attack of pancreatitis the less
often are calculi found in the common bile duct and at the ampulla.
In this study there was a steady reduction in the number of stones found
in the common bile duct andj^the ampulla when compared to delay in operation.
In patients undergoing operation at 8-21 days only 23% had choledochal
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stones and one an ampullary stone. Operating after three weeks, as is
standard practice in many hospitals, choledochal stones were found in
only 12$ of patients and ampullary stones in k%. These figures further
evidence the concept of gallstone migration and confirm the observations
of Acosta (1980), Kelly (1980), Stone (1981) and Osborne (1981).
In this study there was an increased mortality rate in patients undergoing
surgery after an attack of pancreatitis. The five times increased
mortality rate is explained by the fact that several emergency operations
were performed on patients with acute haemorrhagic pancreatitis, with
the attendent increased mortality (Ranson 1981). Indeed the mortality
rate in patients undergoing non emergency surgery was similar in the
two groups. The only post-operative complication that was more common
was that of wound infection. It is now well recognized that wound
infection following biliary surgery is often a result of contamination
with biliary organisms (Keighley 1983). This suggests that patients with
gallstone pancreatitis have a higher incidence of infection in the biliary
tree and relates closely to my findings in the first part of this thesis.
Further study of biliary bacteriology in patients with pancreatitis is
warranted. It is noteworthy that one patient in the AGP group developed
fatal pancreatitis following surgery, emphasizing the importance of careful
biliary operations in these patients. Only one control patient developed
mild post-operative pancreatitis.
Patients in this study with AGP tended to have more gallstones in their
gallbladders than patients without pancreatic disease. This result may
be more significant than the statistics show as multiple stones were
arbitrarily coded as 30 and many patients with pancreatitis had hundreds
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of small stories. These results are in agreement with McMahon and Shefta
(1980) who demonstrated that 78$ of patients with pancreatitis had
more than five gallbladder stones whereas only 6l% without pancreatic
disease had such numbers. The present study gives equivalent figures
of 76% and 56% respectively.
It is now generally accepted that small gallstones migrating down the
biliary tree are important in initiating gallstone pancreatitis and
both Acosta (197^-, 1980) and Kelly (1976, 1980) have demonstrated that
these stones are usually less than 5 mm in diameter. McMahon (1980)
further showed that small irregular stones were responsible and these
stones were lighter in those patients with pancreatitis. In this study
the sizes of the smallest and largest gallbladder stones were carefully
measured. Whereas there was no difference in the relative sizes of the
largest gallstones between the two groups of patients there was a highly
significant (P = 0.0006) difference in the sizes of the small stones.
Patients with AGP had significantly smaller stones (1.7 mm vs 3.1^ mm)
suggesting that these small stones were responsible for initiating
pancreatic inflammation.
The size of the cystic duct is a critical determinant of gallstone
passage, and McMahon (1980) has demonstrated indirectly that the cystic
duct in patients with AGP is bigger than in those without pancreatic
disease. This study measured the actual diameter of the cystic duct at
operation and found a highly significant (P = 0.0001) difference between
the two groups. The cystic duct was significantly larger (b.62 mm vs 3.1 mm)
in those patients with pancreatitis. When the sizes of the small gall¬
bladder stones and the cystic duct were compared then only stones in
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patients with AGP appeared able to pass through the cystic duct, i.e.
pancreatitis No pancreatitis
mean size small gallstones (mm) 1.7 3.14
mean size cystic duct (mm) 4.62 3.1
passage no passage
The size of the cystic duct is on average two to three times
greater than that of the smallest stone in patients with pancreatitis.
In contrast the similar sizes in control patients hinders stone passage.
Although it is uncertain whether the dilated cystic duct is a primary
or secondary phenomenon, these measurements do confirm that small
gallstones can easily migrate through the cystic duct in patients with
pancreatitis.
An attempt to examine stone passage through the cystic duct led us to
develop the "squeeze" test. This test applies man^ual high pressure
to the gall-bladder and examines extrusion of stones and debris from the
cystic duct. In patients without pancreatic disease^stones passed in
only 11$ of patients, debris in 20$ and nothing in 69%• In contrast^
in patients with pancreatitis stones passed in 50$, debris in 18$ and
nothing in 30$. These results are highly significant and show that
in half the patients with pancreatitis stones passed through the cystic
duct whereas passage occurred in very few patients without pancreatic
disease. It is of interest that the incidence of debris passage remained
constant between the two groups suggesting that stones and not debris are
responsible for initiating pancreatic inflammation.
In this study more patients with pancreatitis had choledocholithiasis.
However, this result may be fallacious as we have previously shown the
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time of operation to be a critical determinant of biliary pathology
and there has been a recent move to earlier surgery. There was
no difference in the size of choledochal stones between the two groups
of patients whereas the gallbladder stones were previously shown to be
significantly smaller in patients with AGP. In the context of gallstone
migration it may be that small stones have migrated into the gut whereas
the larger stones remain trapped in the common bile duct.
The size of the common bile duct is used both radiographically and at
operation to determine the presence of biliary obstruction. In this
study the common bile duct was more often dilated in patients with
pancreatitis implying a degree of obstruction to the outflow of bile.
Closer examination of the common bile duct diameter with respect to the
presence of choledochal stones showed that in patients with choledochal
stones there was no difference in common bile duct diameter between those
with or without pancreatitis. In contrast when choledochal stones were
absent there was a highly significant (P = 0.0001) difference between
the groups. Patients with AGP and no choledochal stones had a much
wider common bile duct than those patients without pancreatitis. Indeed
the presence or absence of choledochal stones had much less effect on
the common bile duct diamter in patients with AGP than in patients without
pancreatic disease. These results are in close agreement with those of
Osborne and colleagues (1983) and suggest that stones had recently passed
down the biliary tree causing temporary obstruction of the common bile
duct. The findings of a wider duct in early operations further evidences
this theory.
Duodenal filling on operative cholangiography is dependent on free flow
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through the ampulla of Vater. In this study the slightly delayed
filling in patients with AGP implied partial obstruction to free flow.
Whether this was due to gallstones or oedema at the ampulla of Vater
is uncertain, although this observation does clearly add further weight
to the concept of temporary obstruction of the biliary tree.
Pancreatic duct reflux (PDR) is often observed during operative
cholangiography although its relationship to previous pancreatitis
was not recognized until recently. It is now well established that
patients with previous pancreatitis have a much higher incidence of
PDR than those without pancreatic disease (Taylor 1980, Kelly 1976)
and this reflux is associated with an elevation in serum amylase actwVtj
(Thomas 1983, Howell 1950). PDR is independent of choledochal stones
although it becomes both more frequent and striking when stones are
impacted at the ampulla. The largest reported study is that of Taylor
and Rimmer (1980) who found PDR to occur in 52% of patients with AGP
in contrast to only 17% when no pancreatic disease was present. This
report gives results which are very similar to those of Taylor and Rimmer
(1980). In this study PDR occurred in 19% of all choiangiograms, with
the increased incidence of PDR in patients with AGP confirmed as PDR was
observed in 57% of patients with pancreatitis against only 16% of those
without.
PDR in itself is a relatively crude assessment of reflux as it may occur
to a small degree or down the entire pancreatic duct. Indeed why does PDR
occur in some patients without pancreatic disease? This study has taken
cognisance of these points and has therefore measured several features
of PDR. In those patients with PDR there was no difference in sex or the
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presence of jaundice although patients with pancreatitis and PDR tended
to he older than those without pancreatitis ond PDR. PDR was much
more closely associated with the presence of choledochal stones in
patients with pancreatitis than in those without. It may he that in
those patients without pancreatitis reflux occurs as a result of ampullary
anatomy whereas in those with pancreatitis such reflux is more dependent
on stone passage through the "biliary tree.
The diameter of the pancreatic duct was carefully assessed on operative
cholangiogams where PDR occurred. Patients who had a previous attack
of pancreatitis had a significantly more dilated pancreatic duct than
those without pancreatic disease and this result was extremely significant
(P = 0.000017). Although it is dehateahle whether dilation is primary
or secondary to the pancreatic inflammation, there is no doubt that a
dilated pancreatic duct will mechanically faciliate reflux by reducing
the natural resistance to such reflux. It is of interest that Csendes
(1979) has demonstrated that the mere presence of gallstones is associated
with a greatly dilated pancreatic duct. Another Jnot previously described,
which may be important in determining ease of PDR is the angle at
which the two ducts joined. This was carefully measured on the cholangio-
gram films and demonstrated a greater angle of reflux in those patients
with pancreatitis. The angle of reflux appears to be another factor which
mechanically facilitates pancreatic duct reflux.
The length of PDR observed was variable (5~155 mm) and appeared unrelated
to the presence or absence of pancreatic disease. In contrast the common
channel was significantly (P = 0.0015) longer in patients with pancreatitis
implying that a stone present at the ampulla would allow biliary reflux
-256-
down the pancreatic duct. This confirms earlier reports by Kelly
(1976, 1982).
Pancreatic duct reflux is more common in patients with pancreatitis.
It appears to occur more easily in these patients as a result of reduced
mechanical obstruction to such reflux (wider pancreatic'duct and increased
angle of reflux). Furthermore the longer common channel in patients
with PDR and pancreatitis suggests that stone passage through the ampulla
is associated with such reflux.
Several interesting results have derived from this study and there is
no doubt in the author's mind that the observed features of the biliary
tree in patients with AGP are consistent with the concept of gallstone
migration. Why some patients have pancreatic duct reflux and do not develop
pancreatitis is unknown but it is tempting to speculate that the nature
of refluxed bile is important as was earlier shown in parts I and II
of this thesis.
Finally, the efficacy of gallstone eradication in preventing further
pancreatic disease was confirmed. During the follow up period no patients
developed either further gallstones or another attack of pancreatitis
implying that gallstones are essential mechanical initiators of AGP.
Two patients developed chronic pancreatitis but in both of these
alcoholism was thought to be a contributing factor.
The conclusions to be drawn from this study are:
(1) Q% of patients with gallstones develop acute pancreatitis.
(2) Males with gallstones are at greater risk of developing
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pancreatitis.
(3) The timing of surgery is a critical determinant of "biliary
pathology. The earlier one operates after the onset of
pancreatic inflammation the more stones are found at the
ampulla and in the common "bile duct.
(U) Wound infection was more common in patients with pancreatitis
implying a role for infected bile.
(3) The gallbladder stones in patients with pancreatitis were more
numerous and smaller than in those without pancreatic disease.
(6) The cystic duct diameter was much bigger in patients with
pancreatitis .
(7) Stone passage through the cystic duct was much easier in
patients with pancreatitis.
(8) The common bile duct was wider in the absence of stones in those
patients with previous pancreatitis, suggesting previous
temporary biliary obstruction.
(9) The common bile duct stones were of similar size in the two
groups of patients implying that small stones had migrated into
the gut.
(10) Pancreatic duct reflux is much commoner in patients with previous
pancreatitis. When it does occur there is a wider pancreatic duct,
a greater angle of reflux and a longer common channel in those
patients with pancreatitis.
(11) Appropriate biliary surgery with eradication of stones will




Acute gallstone pancreatitis (AGP) is a common disease with a
mortality rate of 10-15$. Although this condition has been the subject
of intense research there is still considerable controversy over the
initiation of pancreatic inflammation. This thesis has approached the
problem in three ways:
(1) Induction of acute pancreatitis in an animal model and
study of the factors possibly involved.
(2) Investigation of pancreatic duct integrity by means of
studying duct permeability and ultrastructure.
(3) A study of the biliary tract in patients with acute gallstone
pancreatitis.
part I
Reviewing the literature showed that a return to simple first principles
was necessary for the study of AGP. The initial part of this research
was concerned with the development of an animal preparation for inducing
pancreatitis. A model using transduodenal cannulation of the rat bile-
pancreatic duct was studied which gave reproducible and well—defined
pancreatic damage. It was determined that 50 pi was the optimum volume
for infusion thus bringing into question the results of previous experiments.
The pressure of infusion was important in producing pancreatic damage as
saline alone produced oedema which increased with both time and pressure
of infusion. The duct system was intact at low pressures, at moderate
pressures extravasation occurred through intercellular clefts, and at
high pressures the duct ruptured. These results suggest that it is vital
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to control volume, pressure and time when infusing various noxious
substances into the pancreas. Having determined the optimum physical
conditions for infusion the next study concerned the effects of bile
alone on the pancreas. Several types of human bile were studied;
sterile, "pancreatitic", infected and filtered. Sterile bile was only
toxic when infused at high pressures and even then only moderate
pancreatitis occurred. "Pancreatitic" bile was significantly more
toxic than sterile bile in all specimens examined, suggesting that bile in
patients with AGP has a different chemical makeup which renders it more
damaging to the pancreas. Infected bile consistently produced acute
haemorrhagic pancreatitis. This was not because of the bacteria them¬
selves but rather by secondary alterations in bile induced by bacteria.
Thus even at low pressures "pancreatitic" and infected bile produced
severe pancreatic inflammation.
The toxicity of bile or duodenal juice may be due to several substances
and of these bile salts, trypsin, enterokinase, phospholipase and
lysolecithin are probably the most important. Their relative importance
in producing pancreatic inflammation at presumptive pathophysiological
concentrations was evaluated. Whereas enterokinase or trypsin alone
produced pancreatic oedema and bile salts were responsible for mild
inflammation, a combination of these compounds consistently produced
acute haemorrhagic pancreatitis. These results suggest that bile salts,
enterokinase and trypsin may have a role in the initiation of pancreatic
damage. Active phospholipase A^ and lysolecithin were also toxic to the
pancreas producing acinar necrosis and acute inflammation and these
compounds can also be considered as important factors in producing
pancreatic damage.
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Part I of this study identified several factors that might he
responsible for the initiation of AGP. The most serious damage
occurred as a result of infusion with
- infected bile
- "pancreatitic" bile
- bile salt/enterokinase/trypsin mixture
lysolecithin/phospholipase
part II
Damage to the pancreatic duct system appears to be the initial insult
in AGP and this damage may be resultant on- bile or duodenal reflux into
the pancreatic ducts. Study of pancreatic duct integrity could therefore
yield important information concerning the initiation of pancreatic
inflammation. Reber and colleagues (1979) have described a "pancreatic
duct mucosal barrier", (i.e. the property of the duct wall that prevents
free diffusion) following experiments with the feline main pancreatic
duct. As the cost of cats is now prohibitive, we evaluated the
possibility of using the rat bile-pancreatic duct to study duct integrity.
The rat BPD was structurally very similar to the pancreatic duct and was
lined by the same specialized epithelium. The permeability characteristics
of the rat BPD determined it to be a suitable model for studying duct
integrity, or the "pancreatic duct mucosal barrier". Stability of the
"barrier" was measured in three ways: (i) anionic flux of Cl~ and HCO~,
(ii) transductal potential difference and (iii) mucosal ultrastructure.
This allowed a full assessment of duct integrity and was superior to the
earlier methods of Reber (1979) and Simpson (1983).
Substances which were studied in part I were further evaluated for their
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direct effect oil the duct vail. Pressure alone produced videned
intercellular spaces "but no change in "barrier" integrity. Sterile
bile produced moderate damage to the duct vhich was accentuated by
high pressure. The changes observed were reversible and the overall
duct structure was maintained. As in part I "pancreatitic" bile was
more toxic than sterile bile and there was evidence of epithelial
necrosis and disruption. Infected bile produced the most severe damage
with the duct being completely disrupted. These results are in keeping
with the earlier experiments in part I and suggest (i) bile from patients
with pancreatitis has special noxious properties and (ii) infected bile
is extremely destructive to the duct wall, possibly resultant on
bacterially induced changes in bile.
Bile contains two powerful natural detergents; bile salts and lysolecithin.
Bile salts and in particular glycodeoxycholic acid have long been recognized
as being unhealthy to cell membranes. This study assessed the effect of
bile salts on the duct and found them to be extremely damaging. Low
concentrations produced reversible changes whereas high concentrations of
bile salt were associated with severe epithelial disruption. The other
naturally occurring powerful detergent is lysolecithin produced by phospho-
lipase action. Active PLA^ and lysolecithin were extremely destructive
to the duct, and the changes identified appeared to be irreversible with
evidence of cell death and shedding into the lumen.
"Why are pure solutions of bile salts and lysolecithin much more destructive
than whole bile which contains equal concentrations of these compounds?
This question stimulated an investigation of possible modifying agents in
bile. Prostaglandins, which are present in small amounts in bile, were
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partially protective against damage induced "by bile salts and
PLA2/lysolecithin. More importantly lecithin, an obligatory constituent
of whole bile, was almost completely effective in preventing detergent
induced damage. It may be that lecithin combines with bile salts and
lysolecithin and so reduces their surface active properties. Of interest,
it has recently been reported that patients with acute cholecystitis
have reduced levels of lecithin in their bile (Heuman 1980) which
appears to make the bile more toxic to the gall bladder. It is tempting
to postulate that lecithin plays a vital physiological role in protecting
biliary and pancreatic epithelium. Reduction in the lecithin:bile salt
or lecithin:lysolecithin ratios would therefore result in especially
noxious bile.
part III
The third part of this study investigated the biliary tree in patients
with gallstones and in particular those with AGP. 66b patients undergoing
cholecystectomy for biliary lithiasis were prospectively studied, of whom
52 had gallstone pancreatitis. A comparison of the biliary tree of patients
with AGP with that of patients without pancreatic disease highlighted
several significant differences;
- more males with gallstones developed AGP than females.
- patients with AGP had an increased number and smaller stones
in their gallbladder.
the diameter of the cystic duct was wider in patients with AGP
and stone passage into the biliary tree was facilitated.
- the diameter of the common bile duct in patients with AGP
when stones were absent indicating that transient obstruction had
occurred. The common duct stones themselves were similar in
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size in both groups suggesting that small stones had passed
into the duodenum and the large stones were left behind,
the operative cholangiograms of patients with a history of
AGP demonstrated a highly significant increased evidence of
pancreatic duct reflux (57% vs 16%).
complete removal of gallstones obviated further, attacks of
pancreatitis.
A further study was made on 10^1 patients who had evidence of pancreatic
duct reflux. In patients with pancreatitis and PDR there was a significantly
Ci) longer common channel.
(ii) wider pancreatic duct.
(iii) greater angle of reflux
These factors may facilitate bile or duodenal reflux following gallstone
migration through the ampulla of vater.
These patient studies are important in that they:
(a) support the concept of gallstone migration.
Cb) suggest that passage of small stones down the biliary tree
is responsible for initiating pancreatic inflammation,
(c) show that pancreatic duct reflux is a vital part of the
disease process.
and (d) demonstrate that the biliary tree and gallstones are
significantly different in patients with AGP.
Having identified factors which are associated with AGP we might soon
be able to predict those patients with gallstones who are at greatest
risk of developing acute pancreatitis and hence offer them early surgery.
-26b-
It is evident, however, from these studies that gallstone migration is
only the mechanical initiator. As pancreatic reflux can occur in some
patients without troublesome sequelae it appears that the nature of the
refluxed material is important. This concept corresponds closely to the
results of parts I and II.
Hypothesis
This research has enabled me to hypothesize on factors which might
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Im patients who develop AGP I believe that
(i) the anatomy of the biliary tree and nature of the
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gallstones are such as to mechanically produce pancreatic
duct reflux
and (ii) following reflux there is increased attack and reduced
defence forces in the pancreatic duct.
This work has opened up exciting new prospects for studying acute
gallstone pancreatitis. A full evaluation of biliary and duodenal
constituents in such patients might well he invaluable in determining
the pathogenesis of this dangerous condition.
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